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Cyclic  frequency  of  macroprocesses  (torsional  oscillations 
of  the  suspension  system,  acoustic  waves,  external  effects). 

Period  of  these  processes. 

Velocity  components  in  cylindrical  coordinates. 

Axial  moment  of  inertia  of  the  suspension  system. 

Logarithmic  damping  decrement  of  oscillations  of  the  sus¬ 
pension  system. 

Relaxation  time. 

Density. 

Kinematic  shear  viscosity  emd  bulk  (second)  viscosity,  re¬ 
spectively. 

Dynamic  shear  viscosity  and  bulk  (second)  viscosity,  re¬ 
spectively. 

Internal  radius  of  the  small  bucket. 

Half  of  the  height  to  which  the  small  bucket  is  filled  with 
llqvild. 

Factor  (multiplier)  in  the  formulas  used  for  calculating 
the  viscosity,  which  takes  into  account  the  effect  exerted 
by  the  bottom  and  lid  of  the  small  bucket;  in  Chapter  V  — 
the  stress. 

Relative  deformation. 

Moduli  of  rigidity  during  prolonged  and  instantaneous  load. 

Basic  parameter  in  the  theory  of  the  method  for  measuring 
the  viscosity. 

In  Chapter  V,  the  relaxation  parameter. 


T  —  Absolute  temperature. 

t°  ~  Temperature  according  to  the  Celsius  (centigrade)  scale. 
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Preface 


The  study  of  the  viscous  properties  of  metallic  liquids  occupies  • 

a  prominent  place  in  the  elaboration  of  a  theory  of  the  liquid  state. 

Metallic  liquids  are  characterized  by  a  relatively  simple  struc¬ 
ture,  and  therefore  represent  a  favorable  object  of  research  from  the 
standpoint  of  the  establishment  of  connections  between  the  structure 
and  macroscopic  properties.  In  addition,  a  knowledge  of  the  viscous 
properties  of  fused  metals  is  also  very  important  from  an  applied  (prac¬ 
tical)  standpoint.  In  the  Soviet  Union,  the  problem  involving  a  study 
of  the  viscosity  of  metallic  liquids  was  made  necessary  as  a  result  of 
the  technical  progress  achieved  during  the  first  five-year  plans.  As 
later  years  have  shown,  this  problem  became  one  of  the  most  important 
problems  dealing  with  the  liquid  state.  However,  the  experimental 
study  of  the  viscosity  of  fused  metals  is  associated  with  considerable 
difficulties,  resulting  from  the  actual  lack  of  a  method  for  measuring 
the  viscosity,  which  would  be  sufficiently  convenient  dviring  the  course 
of  work  with  metallic  liqxiids. 

In  addition,  the  absence  of  a  monograph,  describing  the  basic 
laws  and  rules  applicable  to  the  viscous  properties  of  metallic  liquids 
and  their  physical  Interpretation,  represents  a  notable  gap  in  the  the¬ 
ory  of  the  liquid  state.  This  book  has  been  written  precisely  in  order 
to  partially  fill  this  gap,  and  also  in  order  to  make  available  to  ex¬ 
perimenting  physicists  the  theory  and  practice  of  the  torsional  oscilla¬ 
tion  method  for  measuring  the  viscosity  of  fused  metals.  This  book 
does  not  pretend  to  give  an  exhaustive  coverage  of  all  the  experimental 
data  in  this  field,  since  it  is  based  primarily  on  work  done  by  the  au¬ 
thor  and  his  associates.  During  the  course  of  this  work,  a  number  of 
new  problems  have  appeared,  related  to  viscous  properties  of  fused  met¬ 
als,  and  some  of  these  problems  are  included  in  this  book  for  purposes 
of  presentation  and  discussion. 

The  first  half  of  this  book  (Chapters  I-III)  is  devoted  to  the 
theory  of  the  torsional  oscillation  method  for  measuring  the  viscosity. 

The  second  half  (Chapters  IV- VI)  presents  the  results  of  the  experiments] 
study  of  the  viscosity  of  a  number  of  metallic  systems  and  also  an  at- 
teiif>t  to  clarify  the  relationship  between  the  viscous  properties  and 
the  structure  of  the  liqiiid. 

The  author  of  this  book  wishes  to  express  his  deep  gratitude  to 
A.  S.  Predvodltelev  for  his  constant  attention  and  valuable  discussion 
during  the  course  of  work  on  the  development  of  this  problem. 

My  students  took  part  in  the  work  dealing  with  individual  prob¬ 
lems,  and  their  work  represents  a  valuable  contribution  to  the  research 
carried  out  in  connection  with  the  writing  of  this  book.  I  extend  i^y 
deep  gratitude  to  all  of  my  students,  and  especially  to  G.  I.  Goryaga 
and  L.  S.  Prlss,  who  have  solved  a  number  of  independent  problems  re¬ 
lated  to  the  viscous  properties  of  metallic  liquids. 
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The  author  also  extends  his  sincere  thanks  to  the  late  V.  I. 
Danllovy  and  to  B.  V.  Deryagin  and  B.  N.  Flnkel'shteyn,  who  have  criti¬ 
cally  reviewed  the  manuscript  and  have  made  a  number  of  valuable  re¬ 
marks. 

Moscow,  October  1954  Ye,  Shvidkovskiy 


Introduction 

The  viscous  properties  of  a  liquid,  which  constitute  the  ex¬ 
pression  of  a  process  involving  the  irreversible  conversion  of  the 
energy  of  macroscopic  movements,  are  characterized  by  two  factors:  the 
shear  or  standard  viscosity  (T])  and  the  bulk  or  second  viscosity  (11'). 

It  is  assumed  that  the  connection  between  the  components  of  the 
tensor  of  viscous  stresses  and  the  components  of  the  deformation 
velocities  is  expressed  by  the  following  equation: 


where  are  the  components  of  the  flow  rate  of  the  liquid,  and  6^^^ 

is  the  unit  tensor,  having  components  equal  to  \inity  when  i  =  k,  and 
equal  to  zero  when  i  ^  k. 

This  expression  represents  a  generalization  for  arbitrary  defor¬ 
mations  of  Newton's  well-known  law  of  internal  friction,  which  states 
that  the  viscous  stiress  under  shearing  conditions  is  proportional  to 
the  deformation  rate,  l.e.,  in  our  recording  system: 

9v-i 

Since  in  case  of  an  incon^jressible  liquid,  -— i  =  0  (div  v  =  0),  the 

>xi 

viscous  properties  of  flows,  in  which  the  conqpressibility  can  be  dis¬ 
regarded,  can  be  described  to  a  sufficient  extent  by  means  of  the  single 
factor  T).  However,  we  should  not  forget  that  the  same  llqviid  can  ex¬ 
hibit  a  different  behavior  in  regard  to  coo^jressibllity  depending  upon 
the  process  which  takes  place  in  the  liquid.  For  example,  water  be¬ 
haves  as  an  incompressible  liquid  when  it  flows  through  a  pipe,  and  as 
a  compressible  liquid  during  the  propagation  of  acoustic  waves  through 
this  water. 

Further  in  this  text,  with  the  exception  of  Chapter  V,  we  shall 
be  concerned  only  with  the  shear  viscosity  factor  1),  which  will  be  often 
designated,  for  the  sake  of  brevity,  sinqply  as  viscosity. 
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Along  with  T|  and  T]*,  the  kinematic  viscosity  factors  v  and  v 
also  play  a  role  in  hydrodynamics,  and  these  factors  are  determined  oy 
the  following  relations: 


where  p  is  the  density  of  the  liquid.  In  the  literature,  T  and  T]'  are 
frequently  designated  as  the  dynamic  viscosity  factors,  thus  pointing 
out  their  difference  from  kinematic  viscosity  factors. 

Based  on  the  above  relations,  the  dimensions  of  the  viscosity 
factors  can  be  easily  established: 

€"^0  =  =  g  *  cm"^  •  sec“\ 

/V_7  =  ~  *  sec“\ 

Liquids  are  designated  as  normal  in  regard  to  their  viscous  properties 
if  T)  and  T)',  and  consequently  also  v  and  v  ,  are  Independent  of  the 
flow  rate. 

The  experimental  material  available  on  the  viscosity  of  metallic 
liquids  (pure  metals  and  alloys)  is  rather  limited,  which  is  due  to  the 
great  difficulties  associated  with  the  conduct  of  corresponding  research 
studies.  However,  in  view  of  the  fact  that  the  molecular  mechanism  of 
a  viscous  flow  constitutes  one  of  the  major  aspects  of  the  theory  of 
the  liq\iid  state  of  matter,  the  study  of  the  relationship  between  vis¬ 
cosity  and  the  parameters  expressing  the  condition  of  the  liquid  is  of 
great  scientific  importance. 

Already  0.  1.  Mendeleyev,  in  his  "Foundations  of  Chemistry," 
wrote:  "The  connection  which  (already  noted  in  part)  exists  between 
the  viscosity  and  other  physical  and  chemical  properties  conpels  us  to 
assert  that  the  magnitude  (or  value)  of  internal  friction  will  play  an 
important  role  in  molecular  mechanics." 

N.  S.  Kurnakov  and  A.  I.  Bachinskiy  must  be  credited  with  the 
important  idea  of  a  connection  between  viscous  properties  and  the  struc¬ 
ture  of  a  liquid.  Since  metallic  liquids  have  the  most  simple  structure 
euxi  have  been  more  fully  Investigated  from  a  structural  standpoint  than 
other  substances,  these  liquids  constitute  a  suitable  object  for  re¬ 
search  purposes. 

On  the  other  hand,  the  viscous  properties  of  metals  and  alloys 
play  an  Important  role  in  the  casting  technology  of  nonferrous  and  fer¬ 
rous  metals  (metal  teeming,  ingot  crystallization  in  casting  molds,  pro¬ 
duction  of  continuous  billets,  etc.),  and  also  in  connection  with  new 
problems  in  the  field  of  metallurgy  related  to  the  production  of  heat- 
resistant  alloys.  The  importance  of  an  experimental  study  of  the  proper¬ 
ties  of  fused  metals,  including  the  study  of  viscosity,  was  pointed  out 
by  the  prominent  Soviet  metallurgist  A.  A.  Baykov. 
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The  study  of  the  nature  and  type  of  connection  between  the  struc¬ 
ture  of  a  liquid  and  its  viscous  (and  other)  properties  constitutes  one 
of  the  important  problems  forming  a  part  of  the  general  problem  of  the 
liquid  state.  Apparently  the  physical  properties  of  a  liquid  are  de¬ 
termined  to  the  same  extent  by  its  structure  as  the  properties  of  a  cry¬ 
stal  are  determined  the  structure  of  the  latter. 

Any  theory  of  the  viscous  flow  is  based  (in  an  explicit  or  non¬ 
explicit  form)  on  the  assumption  made  in  connection  with  the  character 
of  the  structure  of  the  liquid.  For  this  reason,  a  study  of  the  con¬ 
nection  between  the  structure  and  the  viscosity  can  be  conducted  by 
analyzing  the  extent  to  which  a  given  viscosity  theory  can  be  experi¬ 
mentally  corroborated  for  liquids  of  different  structures. 

Certain  attempts  in  this  direction  are  presented  in  this  book; 
however,  in  view  of  the  extremely  rudimentary  nature  of  all  viscosity 
theories  and  the  still  unclarified  reasons  for  the  wide  discrepancies 
in  the  experimental  results  on  the  viscosity  of  metallic  liquids,  these 
attempts  can  be  considered  merely  as  a  first  step  in  this  direction, 

A  medium,  in  which  the  product  of  the  relaxation  time  and  the 
variation  rate  of  the  stress  is  much  smaller  than  the  stress  itself, 
when  the  "prolonged”  modulus  of  rigidity  is  equal  to  zero,  can  be  con¬ 
sidered  as  a  viscous  liquid  in  the  usual  (Newtonian)  conception.  In 
this  case,  q  and  q •  represent  the  product  of  the  relaxation  time  of  the 
stress  and  the  instantaneous  modulus  of  elasticity  (in  case  of  shear 
deformations  and  a  xxniform  manifold  compression,  respectively). 

On  this  basis,  it  is  possible  to  use  the  concept  of  viscosity  in 
the  case  of  heterogeneous  systems,  which  is  essential  for  the  understand¬ 
ing  of  viscous  properties  of  alloys  in  the  field  of  solidification  (or 
setting). 

The  viscosity  of  a  binary  alloy,  during  the  transition  from  the 
state  of  a  homogeneous  liquid  into  the  heterogeneous  region  of  the  fusion 
diagram,  increases  several  h^lndreds  of  times  over  a  small  range  of  a 
temperature  drop  as  a  result  of  the  formation  and  growth  of  solid  phase 
crystals  of  one  of  the  conqxjnents.  It  should  also  be  noted  that  (during 
the  propagation  of  a  wave  process  in  a  heterogeneous  liquid  system),  a 
maximum  absorption  is  observed  at  a  definite  value  of  the  viscosity  of 
the  uniform  liquid  making  up  a  part  of  the  heterogeneous  system. 

Thus  there  is  a  definite  connection  between  the  crystallization 
kinetics  of  a  binary  alloy  and  changes  in  its  viscous  properties,  which 
makes  it  possible  to  study  the  process  involving  the  crystallization  of 
an  alloy  according  to  the  tenperature  vs,  viscosity  curve.  Moreover, 
the  existence  of  a  relationship  between  viscosity  and  crystallization 
not  only  in  alloys,  but  also  in  pure  liquids,  is  indicated  by  the  fact 
that,  during  the  supercooling  of  tin,  a  characteristic  branching  in  the 
temperature  vs.  viscosit3'-  curve  is  observed,  as  well  as  a  sharp  increase 
in  the  temperature  coefficient  of  the  viscosity  below  the  crystalliza¬ 
tion  point,  A  study  of  this  relationship  also  constitutes  one  of  the 
important  tasks  in  connection  with  the  problem  of  the  liquid  state. 
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In  connection  with  the  already  previously  mentioned  discrepan¬ 
cies  in  the  experimental  results  obtained  during  the  determination  of 
the  viscosity  of  fused  metals,  it  should  be  noted  that  the  addition  of 
insoluble  impurities  to  the  liquid  results  in  a  change  in  the  viscosity 
of  the  system:  liquid  +  particles,  considered  as  a  single  whole  system. 

In  view  of  the  fact  that  metallic  liquids,  unless  they  were  sub¬ 
jected  to  a  special  purification  treatment,  contain  Insoluble  impuri¬ 
ties,  the  viscosity  of  these  liquids  is  determined  to  a  considerable 
extent  these  impurities*  For  this  reason,  the  presence  of  insoluble 
Inqpurities,  mainly  lower  oxides,  in  a  fused  metal  usually  exerts  a 
greater  effect  on  the  viscosity  than  the  contamination  of  this  fused 
metal  with  small  amounts  of  another  metal.  As  a  rule,  this  particular 
fact  was  previously  disregarded  dxu*ing  the  measiirement  of  the  viscosity 
of  liquid  metals.  It  is  possible  that  this  is  the  cause  for  the  dis¬ 
crepancies  in  the  results  obtained  by  different  authors.  However,  the 
possibility  is  not  excluded  that  the  main  reason  for  these  discrepan¬ 
cies  is  to  be  foxind  in  factors  of  an  e:qperimental  and  methodical  nature. 

For  this  reason,  this  book  presents  only  data  obtained  with  the 
aid  of  the  torsional  oscillation  viscosimeter,  the  theory  of  which  is 
examined  in  the  first  portion  of  the  book,  and  the  data  obtained  in  this 
maimer  are  not  compared  with  other  data  reported  in  the  literature. 

All  the  results  dealing  with  viscosity  listed  below  refer  to 
metallic  systems,  which  were  not  subjected  to  a  process  Involving  the 
removal  of  insoluble  impurities,  unless  such  a  process  is  specifically 
mentioned.  Certain  other  problems  outlined  above  are  examined  in  this 
book  as  part  of  an  extensive  formulation  of  the  problem  and  may  be 
characterized  as  "working"  hypotheses,  which  make  it  possible  to  clarify 
to  a  certain  extent  the  nature  of  a  metallic  liquid. 


Chapter  I 

Experimental  Methods  for  Measuring  the  Viscosity  of  Liquids 

Experimental  methods  for  measuring  the  viscosity  of  liqiiids  are 
described  in  a  monograph  by  Karr  (1)  (Note:  See  bibliography  at  the 
end  of  this  chapter).  Viscosimetric  studies  conducted  up  to  1939  are 
systematically  classified  according  to  the  measxurement  methods  used  by 
M.  V,  Volarovlch  (2).  Therefore,  we  shall  refer  to  the  available  meth¬ 
ods  for  measuring  the  viscosity  only  to  the  extent  necessary  for  our 
direct  purposes. 

All  the  principal  methods  used  for  measuring  the  tangential 
(sheeu*)  viscosity  can  be  divided  into  stationary  and  non-stationary  meth¬ 
ods.  The  first  category  includes  the  capillary  outflow  method,  the  ro¬ 
tating  cylinder  method  and  the  falling  ball  method.  The  second  category 
includes  various  methods  .  which  are  based  on  the  observation  of  the  tor¬ 
sional  oscillations  of  a  system  connected  with  the  liquid  being  studied. 
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1 .  Capillary  Outflow  Method 


This  method  Is  based  on  the  well-known  Polseullle  law.  The 
theory  of  this  method  contains  the  problem  (not  yet  fully  clarified)  con¬ 
cerned  with  the  method  for  calculating  the  boundary  (or  marginal)  ef¬ 
fect  near  the  ends  of  the  capillary  tube.  The  boundary  effect  includes 
two  phenomena:  the  change  in  the  kinetic  energy  dviring  the  transition 
of  the  liquid  from  zero  velocity  in  the  upper  reservoir  to  a  velocity 
different  from  zero  in  the  capillary  tube  (correction  for  kinetic 
energy),  and  the  effect  exerted  by  the  initial  sector  of  the  capillary 
tube  (correction  for  length).  Various  researchers  estimate  the  magni¬ 
tude  of  these  effects  in  a  different  manner  and  differ  in  their  opinion 
concerning  the  necessity  of  introducing  appropriate  corrections.  For 
this  reason,  contrary  to  a  widely  held  opinion,  the  capillary  method 
lacks  a  strict  theoretical  foundation.  We  shall  examine  below  the  in¬ 
fluence  of  the  bovindary  effect  on  the  results  of  viscosity  measurements, 
after  considering  first  the  characteristic  features  of  a  moving  liquid 
at  the  boundary  of  its  contact  with  a  hard  wall. 

The  type  of  boundary  conditions  in  the  hydrodynamics  of  a  viscous 
liquid  formed  the  subject  of  Investigations  of  many  scientists.  Without 
mentioning  the  history  and  content  of  these  investigations  (3),  let  us 
note  only  their  final  result.  It  can  be  considered  as  an  established 
fact  that,  regardless  of  the  degree  of  wetting  of  the  hard  wall  by  the 
liquid,  there  is  no  slip  at  the  boundary:  liquid-wall.  Therefore,  the 
boundary  condition  adopted  in  problems  of  hydrodynamics  is  based  on  the 
assumption  that  the  relative  velocity  of  the  liquid  at  the  surface 
where  it  comes  into  contact  with  a  hard  wall  is  equal  to  zero.  The 
basic  significance  of  this  condition  for  the  theory  of  all  viscosi roe trie 
methods  is  obvious.  If  we  did  not  adopt  this  condition,  it  would  be 
necessary  to  introduce  into  the  computing  formulas,  used  for  calculating 
the  viscosity  from  experimental  obsejrvations,  a  slip  pacrameter,  the 
physical  meaning  of  which  could  be  established  only  with  the  aid  of  spe¬ 
cial  assumptions  in  regard  to  the  slip  mechanism.  If  the  presence  of  a 
slip  of  the  liquid  in  relation  to  the  wall  were  established  in  any  kind 
of  test,  this  would  reqvilre  a  revision  and  new  interpretation  of  all  the 
experimental  results  on  viscosity  obtained  so  far.  All  conclusions  de¬ 
rived  from  hydrodynamics,  reached  in  the  assuiq>tion  that  the  relative 
velocity  of  the  liquid  at  the  boundary  is  equal  to  zero,  were  always 
confirmed  experimentally,  and  the  capillary  method  for  measuring  the 
viscosity  gave  a  direct  proof  of  this  fact.  For  this  reason,  the  ab¬ 
sence  of  a  slip  at  the  liquid-wall  boundary  line  will  be  adopted  by  us 
as  a  firmly  established  experimental  fact  (Note:  For  further  informa¬ 
tion  on  this  problem,  see  also  #  12  in  Chapter  II). 

As  is  well  known,  by  solving  equations  for  the  hydrodynamics  of 
a  viscous  liqviid,  in  case  of  a  statioiunry  flow  through  a  capillary  tube 
and  a  laminar  flow,  without  taking  into  account  bovindary  effects  and  the 


-  7  - 


t 


consumption  of  pressure  energy  required  to  inpart  a  velocity  to  the 
liquid,  we  arrive  at  Foiseullle's  law,  which  can  be  expressed  by  the 
following  equation: 


Here  Q  is  the  volume  of  liquid  flowing  through  the  capillary  tube  per 
unit  of  time,  R  is  the  radius  of  the  capillary  tube,  T1  is  the  dynamic 
viscosity,  (pi  -  P2)  is  the  pressiire  difference  at  the  capillary  ends, 
measiired  fron  the  same  constant  level,  and  I  is  the  length  of  the  capil¬ 
lary  tube.  By  introducing  the  designation: 

P  —  Pl—P^,  (1.2) 

the  latter  expression  can  be  written  in  the  generally  known  form; 


(1.3) 

8Q/  * 


It  is  obvious,  however,  that  equation  (1.3)  does  not  quite  cor¬ 
respond  to  the  actual  conditions  which  are  found  during  the  measurement 
of  the  viscosity.  Indeed,  during  all  measurements  performed  by  means 
of  this  method,  the  capillary  tube  connects  two  or  more  wide  reservoirs, 
whereby  the  volume  of  the  liquid  which  has  traveled  through  the  capil¬ 
lary  (Q)  is  determined  on  the  basis  of  the  change  in  the  level  of  these 
reservoirs.  The  velocity  of  a  liquid  in  a  wide  bend  is  always  several 
score  of  times  smaller  than  in  the  capillary  Itself,  and  therefore  part 
of  the  pressure  difference  P  can  impart  to  the  liquid  a  certedn  amount 
of  kinetic  energy. 

At  the  same  time,  formula  (1.3)  was  derived  without  taking  into 
consideration  the  nonlinear  terms  in  the  motion  eqviation.  The  validity 
of  this  consideration  was  acknowledged  by  all  reseeurchers,  although  there 
was  no  general  agreement  among  them  as  to  the  magnitude  of  the  necessary 
correction  which  had  to  be  made  to  account  for  this  fact  (4). 

Taking  this  correction  into  account,  we  arrive  at  an  equation, 
which,  after  elementary  transformations,  can  be  written  as  follows: 


8/Q  y  n-iPRi)' 


(1.4) 


In  this  equation,  m  is  a  numerical  factor  close  to  unity.  By  adopting 
the  expression  given  in  formula  (1.3)  as  a  first  approximation  for  Q, 
forming  a  part  of  the  correction  member,  the  relation  (1.4)  can  be  ex¬ 
pressed  in  the  following  form: 


ft 
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(1.5) 


7)  = 


«/?</>  /,  mPR*\ 
1?^V  64/*^?/’ 


where  v  =  — 
P 


Is  the  kinematic  viscosity. 


The  pressure  difference  P  is  usually  created  by  the  excess 
column  of  the  same  liquid  which  is  being  studied*  Under  these  condi¬ 
tions,  formula  (1.5)  can  be  written  as  follows: 


ic/?<P/.  mR*Hg\  (1.6) 

81Q  \  64/M  }* 


where  H  is  the  excess  height  of  the  liquid  in  the  inlet  bend  above  the 
outlet,  and  g  is  the  gravity  acceleration. 

Let  us  make  a  numerical  estimate  of  the  correction  term  in  the 
viscosity  expression  (1.6),  by  selecting  for  this  pxurpose  one  of  the 
recent  studies  dealing  with  the  application  of  the  capillary  method  to 
the  measurement  of  the  viscosity  of  a  metallic  alloy  (5).  In  this  par> 
tlcvilar  case,  the  measurements  were  performed  under  non-stationary  out¬ 
flow  conditions  (H  variable),  although,  in  its  other  features,  the 
theory  of  the  method  does  not  differ  from  a  stationary  case.  In  order 
to  calculate  the  correction  term,  let  us  use  the  data  presented  in  thi^: 
article.  Let  us  adopt,  as  the  average  pressure  of  a  column  of  metallic 
liquid,  a  value  equal  to  about  5  mm  of  a  mercury  column,  which  probably 
was  the  case  dtiring  the  tests.  In  this  case,  the  value  of  the  correc¬ 
tion  term  was  equal  to  10-15$.  If  the  viscosity  of  water  had  been  meas 
ured  with  the  same  viscosimeter,  the  value  of  the  correction  would  have 
amounted  approximately  to  0.15$. 

The  correction  for  the  kinetic  energy  of  a  liquid  flowing  throug 
the  capillary  tube,  entering  into  equation  (1.4),  depends  to  a  signifi¬ 
cant  extent  on  the  character  of  the  inflow  of  the  liquid  into  the  capil 
lary  tube  and  its  outflow  from  this  tube. 

Let  us  assume  that  the  current  line  in  the  capillary  is  a  straig 
line,  i.e.,  the  movement  of  the  liquid  does  not  have  a  helical  nature. 
The  equation  of  the  energy  of  a  unit  volume  of  the  moving  liquid  can 
then  te  written  in  the  following  form: 


where  U  is  the  density  of  the  potential  energy,  equal  to  the  pressure  p 
T  is  the  kinetic  energy  of  a  unit  volume,  equal  to  pv^;  k1]\n  is  a  dlssi 

2 

patlon  function,  in  which  k  has  the  dimension  ~  i.e.,  does 

cm* 

not  contain  p  and  T);  ^  is  the  operator  of  the  substantial  derivative. 

Dt 
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The  representation  of  the  dissipation  f\uiction  in  the  form  of  kTiV^  is 
based  on  the  assimption  that  the  process  involving  the  transition  (con¬ 
version)  of  the  energy  of  visible  movements  into  heat  along  the  entire 
cross  section  of  the  capillary  takes  place  according  to  Newton's  law  of 
Internal  friction.  £|y  the  same  token,  the  initial  sector  of  the  process 
involving  the  formation  of  a  parabolic  velocity  distribution  is  excluded 
from  ovir  examination. 

By  carrying  out  a  differentiation  (with  one  geometrical  coordi¬ 
nate),  we  obtain: 


dU 


dt 


■  v 


dU 

dx 


dt 


dU 


If  the  movement  is  stationary,  then'^^  =  -r— = 

ot  ot 

p  for  U  and  ■J-pv^  for  T,  assvuning  that  p  =  const. 


(1.8) 

0,  and,  by  substituting 
we  obtain: 


dp  ,  1  . 


(1.9) 


By  integrating  this  equation  along  the  current  line  from  x  =  0  to  x  =  1, 
we  find: 

1  ..  * 

/'<~/»o4-yp(x>i  — Jt;rfx  =  0.  (1.10) 

0 

Let  us  designate: 

P<i  —  Pi  =  P,  v\- ^  jvdx  =  v,  (1-11) 

where  v  apparently  stands  for  the  average  velocity  on  a  sector  of  the 
current  line  extending  from  0  to  1.  Now,  equation  (1.10)  is  transformed 
into  the  following  equation: 


—  P-|-  y  p  Av’  -}-  k^r^vl  =  0. 


(1.12) 


Let  us  select  a  point  in  which  the  true  value  of  the  velocity  is  equal 
to  V.  Let  us  assxime  that  the  cross  section  of  the  current  tube  at  this 
point  is  equal  to  ds.  Let  us  multiply  the  last  equation  by  ds  and  let 
us  integrate  this  eqvuition  by  the  area  of  the  surface  normal  to  the  cvir- 
rent  lines  and  ziinnlng  through  points  in  which  v  =  v;  we  shall  then  ob¬ 
tain: 


-  10  - 


CO  GO 


OXP'4 


2Y 


lky\  |*t»d5=  j*Pds  —  -jp  I* Av‘2 ds. 


(1.13) 


Since  the  distributions  of  v,  and  p  on  the  surface  s  are  unknovm, 
as  a  result  of  the  integration,  we  can  write  the  following  expression: 


k^kt[ivs  =  k^s  —  pk^Av% 


(1.14) 


where  ,  k2t  k^  are  dimensionless  factors,  determined  by  the  geometry 
of  the  velocity  and  pressure  field.  Equation  (1.14)  can  be  written 
differently  in  ^.he  following  form: 


=  k^Ps  —  pk,jSv^s, 


(1.15) 


where  Q  is  the  volume  rate  of  discharge  of  the  liquid  per  second  through 
any  cross  section  of  the  capillary  tube.  By  comparing  this  expression, 
when  Av^  =  0,  with  Polseuille's  law  (1.3),  we  find: 


*1*  “  • 


(1.16) 


Now,  equation  (1.15)  can  be  written  as  follows: 

2Ti~P'r 


(1.17) 


The  difference  of  the  square  velocities  on  the  free  surfaces  of  the 
liquid  in  the  inlet  and  outlet  reservoirs  of  the  viscosimeter  v?  -  v^ 
can  be  considered  as  equal  to: 


Av*  =  —  v\  = 


(1.18) 


where  k,  is  a  dimensionless  factor,  determined  by  the  type  of  connection 
of  the  capillary  with  the  inlet  and  outlet  reservoirs  of  the  viscosi¬ 
meter.  The  latter  (last)  equation  will  then  be  written  as  follows: 


‘  SQl  V  2  ife. 


coinciding  with  equation  (1.4)  when: 

1  M4  _  ^ 

2  ia  ~ 


(1.19) 


(1.20) 
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From  this  formula^  one  can  see  that  the  correction  for  the  kinetic 
energy  is  eqiial  to  zero  when  ==  0,  equivalent  to  =  vq. 

The  fulfillment  of  this  condition  depends  upon  the  structural  de¬ 
sign  of  the  connections  between  the  capillary  section  of  the  viscosimeter 
and  its  wide  reservoirs.  However^  during  the  construction  of  capillary 
viscosimeters}  this  problem  usually  does  not  get  the  proper  attention, 
as  a  result  of  which  the  value  of  the  correction  for  the  kinetic  energy 
remains  indefinite  (undefined).  The  appearance  of  the  correction  term 
in  equations  (1.5)  and  (1.19)  indicates  that  the  value  of  this  term  de¬ 
pends  upon  the  conditions  under  which  the  experiment  is  conducted  and 
upon  the  kinematic  viscosity  of  the  studied  liquid.  For  this  reason, 
this  member  may  play  a  substantially  different  role  in  different  tests. 

Since  in  case  of  an  identical  rate  of  discharge  of  a  given  liquid, 
the  pressure  difference  P  is  approximately  proportional  to  1,  then  ac¬ 
cording  to  (1.5)}  the  value  of  the  correction  member  is  approximately 
Inversely  proportional  to  1.  Consequently,  the  correction  for  the 
kinetic  energy  can  be  practically  reduced  to  zero,  if  a  sufficiently 
long  capillary  tube  is  used.  However,  such  a  solution  of  the  problem  is 
\insatlsfaetory  fron  an  experimental  standpoint. 

The  above  calculations  point  to  definite  theoretical  coiiq>llca- 
tionS}  arising  during  the  application  of  the  capillary  method  to  the 
study  of  the  viscosity  of  fused  metals  characterized  by  small  v  values 
(see  formula  1.5). 

At  the  same  time}  it  can  be  noted  that  A.  Ya.  Kilovich  (6),  who 
has  developed  the  theory  of  the  helical  motion  of  a  liquid,  believes 
that  all  motions  of  a  viscous  liquid  are  helical  or  vortex  motions. 
According  to  Milovich,  only  motions  of  a  liquid  near  points  where  a 
strong  dissipation  or  absorption  of  energy  takes  place  constitute  an 
exception  to  this  rule. 

Such  a  point  of  view,  taken  as  a  general  concept,  appears  to  us 
as  not  sufficiently  substantiated  (unfounded).  However,  if  a  helical 
motion  will  still  take  place  during  the  flow  of  a  liquid  from  a  wide 
opening  into  a  capillary,  then,  according  to  Milovich,  the  following 
relationship  must  take  place,  instead  of  Poiseuille's  equation  (1.3): 

(1.21) 

9.58Q/* 

In  this  case,  a  capillary  viscosimeter  must  yield  a  viscosity  value  which 
is  20%  greater  (higher)  than  the  true  viscosity  value  for  any  liquid. 

Of  course,  the  effect  of  a  change  in  kinetic  energy,  examined  above  and 
e:q)ressed  by  formulas  (1.5)  and  (1.19),  is  not  taken  into  consideration 
in  this  ease. 

The  reason  for  the  appearance  of  a  helical  motion  in  a  viscosi¬ 
meter  of  the  capillary  type  may  lie  in  the  type  of  connection  between 
the  capillary  and  the  wide  bend  of  the  instrument  during  the  course  of 
glass  blowing  work. 
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The  second  correction  for  the  effect  exerted  by  the  initial  sec¬ 
tor  of  the  capillary  actually  plays  a  significantly  smaller  role.  In 
order  to  account  for  this  correction,  a  valvie  of  the  order  of  sevei'al 
diameters,  determined  experimentally,  should  be  added  to  the  length  of 
the  capillary  tube.  In  case  of  long  capillaries  used  in  viscosimetric 
measurements,  this  correction  is  very  small. 

In  spite  of  a  certain  amount  of  incompleteness  of  the  theory,  the 
capillary  method  has  found  a  vide  field  of  application,  which  is  quite 
understandable  if  we  consider  its  simplicity  and  convenience  when  used 
at  room  and  elevated  teiq>eratures.  In  addition  to  this  fact,  we  can 
also  state  that,  in  case  of  liquids  possessing  a  value  of  kinematic 
viscosity  of  abwt  1  centistoke  and  above  (such  as  water,  and  many  or¬ 
ganic  liquids)  under  normal  experimental  conditions,  the  correction  for 
kinetic  energy  is  expressed  in  fractions  of  a  percent.  It  is  only 
necessary  to  note  that  the  accmracy  of  measurements,  equal  to  four  sig¬ 
nificant  digits  in  the  e:qpression  of  the  dynamic  viscosity,  which  is 
frequently  proposed  by  authors  of  experimental  studies,  must  be  gen¬ 
erally  considered  as  too  high. 

Much  worse  is  the  situation  in  regard  to  the  use  of  the  capillary 
method  for  studying  the  viscosity  of  fused  metals.  As  was  already  men¬ 
tioned,  in  view  of  the  smell  value  of  the  kinematic  viscosity  of  these 
metals  (of  the  order  of  decimal  fractions  of  a  centistoke),  the  value 
of  the  correction  member  for  the  kinetic  energy  is  sharply  Increased, 
%dilch  in  Itself  represents  a  sufficient  reason  for  raising  serious  ob¬ 
jections  against  the  use  of  the  capillary  method  in  this  field.  The 
main  difficulties  during  the  application  of  the  capillary  method  for 
studying  the  viscosity  of  fused  metals,  however,  are  of  a  purely  experi¬ 
mental  nature.  These  difficulties  are  connected  primarily  with  the 
selection  of  an  adequate  material  for  the  capillary,  with  its  manufac¬ 
turing  technique,  requiring  a  high  degree  of  accuracy,  with  methods  for 
recording  changes  in  the  level  of  the  liquid  in  case  of  opaque  walls  of 
the  instniment,  and  with  other  similar  complications. 

During  the  solution  of  many  problems  related  to  modern  technology, 
a  knowledge  of  the  viscosity  of  slags  and  other  systems  with  a  high  vis¬ 
cosity  and  high  crystallization  points  is  required.  Here,  the  capillary 
method  was  also  found  to  be  unsuitable,  not  only  for  the  reasons  men¬ 
tioned  above,  but  also  in  view  of  the  fact  that  a  substantial  increase 
in  the  diameter  of  the  capillary  is  necessary  in  this  case,  which  is 
associated  with  a  corresponding  increase  in  its  length,  thus  making  the 
Instrument  very  unwieldy. 

2.  Rotating  Cylinder  Method 

A  widely  used  method  for  measuring  the  viscosity  is  the  method 
based  on  the  use  of  rotating  coaxial  cylinders.  The  solution  of  the 
corresponding  hydrodynamic  problem  for  an  infinitely  long  cylinder,  on 
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which  the  theory  of  this  method  is  basedi  is  of  elementary  simplicity. 
Botuidary  effects  are  usually  excluded  by  means  of  experimental  tech¬ 
niques  (7)«  The  method  of  coaxial  cylinders  is  particxilarly  convenient 
in  the  case  of  liquids  with  a  high  viscosity  and  is  widely  used  during 
the  study  of  fused  slags  (see  Note).  It  shotild  be  noted,  however,  that 
when  this  method  is  used  in  the  high  temperature  region,  it  becomes 
necessary  to  install  unwieldy  units  (Note;  The  development  and  improve¬ 
ment  of  this  method,  as  %iell  as  its  practical  application  on  a  wide 
scale,  are  based  to  a  considerable  extent  on  work  done  by  M.  P.  Volaro- 
vlch). 

The  method  of  rotating  cylinders  has  practically  not  been  used 
at  all  in  studying  the  viscosity  of  fused  metals,  and  only  a  few (not 
very  satisfactory )8tudles  have  been  published  in  this  field  (8).  The 
reason  for  this  is  the  fact  that,  in  view  of  the  relatively  small  vis¬ 
cosity  values  of  metals,  the  torque  transmitted  from  one  cylinder  to 
another  is  also  extremely  small.  In  order  to  Increase  the  torque  value, 
the  clearance  between  the  cylinders  must  be  sharply  reduced,  which  causes 
great  experimental  difficulties.  In  addition,  the  necessity  of  excluding 
boundary  effects  makes  the  esqperiments  exceedingly  unwieldy  and  labori¬ 
ous.  A  further  disadvantage  of  this  method  lies  in  the  large  dimensions 
of  the  Instrument. 


3»  Falling  Ball  Method 

The  most  perfect,  from  the  theoretical  standpoint,  of  all  sta¬ 
tionary  methods  is  the  falling  ball  method,  which  is  based  on  Stokes' 
problem.  For  a  cylindrical  vessel,  the  calculation  of  boundary  effects 
has  been  achieved  theoreticailly,  and  since  their  Influence  can  be  made 
quite  insignificant,  the  theoretical  aspect  of  this  method  must  be  con¬ 
sidered  as  being  in  a  highly  perfected  state. 

The  well-known  formula  of  Stokes,  derived  for  the  stationary  mo¬ 
tion  of  a  small  ball  in  an  unlimited  viscous  medium,  when  nonlinear 
members  in  the  hydrodynamic  equations  are  disregarded,  has  the  follow¬ 
ing  appearance 

where  v  is  the  velocity  of  the  uniform  motion  of  a  ball  with  the  radius 
r*,  p'  and  p  are  the  densities  of  the  ball  aixl  liquid,  respectively. 

The  condition  at  which  it  is  possible  to  disregard  nonlinear  terms  is 
expressed  by  the  inequation: 
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Ejqperlnental  stvidles  have  shown,  however,  that  the  observance  of  a  less 
rigid  (strict)  condition  is  possible: 


If  the  condition  (1.24)  is  fulfilled,  then,  after  taking  into  account 
the  corrections  for  the  finite  dimensions  of  the  vessel,  in  which  the 
falling  or  floating  of  the  ball  takes  place,  we  arrive  at  the  following 
e:Q)rea8ion  for  the  viscosity  (Note:  see  reference  (4)  in  the  bibli¬ 
ography)  : 

_  2r^(p'  —  p)e 

where  R  is  the  radius  of  a  cylindrical  vessel,  edong  the  axis  of  which 
a  ball  is  moving  in  the  viscous  liquid,  and  L  is  the  length  of  the  vessel. 
The  correction  terms  do  not  contain  the  viscosity  and  depend  only  on  the 
ratios  r  and  r,  thus  making  it  possible  to  use  the  falling  ball  method 

R  L 

as  a  relative  method. 

Strictly  speaking,  a  relative  method  for  measuring  any  kind  of 
physical  value  must  be  based  on  a  theory  having  the  same  degree  of  ac¬ 
curacy  as  an  absolute  method,  i.e.,  the  analytic  dependence  of  the  value 
which  must  be  measured  on  the  values  which  are  directly  observed  during 
the  experiment  must  be  known.  Only  under  these  conditions  is  it  possi¬ 
ble  to  determine  the  relation  between  the  values  directly  observed  dur¬ 
ing  the  experiment,  which  refer  to  a  substance  with  an  unknown  charac¬ 
teristic,  and  the  same  values  referring  to  a  substance  with  a  known 
characteristic.  This  factor  is  frequently  overlooked,  as  a  result  of 
t^ch  an  excessively  high  accuracy  is  attributed  to  experimental  data. 

For  excusple,  if  boundary  effects  are  taken  into  account,  the  ratio  of 
the  viscosities  of  two  liquids  will  not  be  simply  inversely  proportional 
to  the  outflow  times  (rates)  of  identical  volumes,  as  is  usually  assumed 
when  using  the  capillary  method  for  relative  measurements. 

In  spite  of  the  theoretical  strictness  of  the  falling  ball 
method,  the  cgpplication  of  this  method  is  associated  with  considerable 
experimental  difficulties.  The  large  dimensions  of  the  instnunent,  re¬ 
quiring  large  amounts  of  liquid  for  research  piirposes,  the  need  for  an 
accurate  manufacture  of  balls  with  a  very  smedl  diameter,  and  the  neces¬ 
sity  of  observing  the  motion  of  these  balls  —  all  these  factors  greatly 
limit  the  possible  application  of  this  particular  method,  especially  at 
nigh  temperatures  and  even  more  so  in  case  of  metallic  liquids. 
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Non-Statlonary  Methods  of  Viscosity  Measurement 


By  means  of  non~stationary  methods,  it  Is  possible  to  determine 
directly  the  kinematic  viscosity  of  a  liqxiid,  and  not  its  dynamic  vis¬ 
cosity. 

From  a  mathematical  standpoint,  the  theory  of  non-statlonary 
methods  Is  much  more  coiqplex  than  that  of  stationary  methods;  precisely 
for  this  reason,  these  methods  are  not  as  widely  used  as  stationary 
methods. 

As  a  result  of  the  study  of  the  viscosity  of  liquids,  especially 
metals,  at  high  temperature,  which  has  become  an  extremely  urgent  prob¬ 
lem  during  the  past  10-15  years,  and  also  in  view  of  the  great  interest 
In  the  sttidy  of  the  viscosity  of  liquefied  gases,  efforts  have  been  made 
to  overcQBS  these  serious  mathematical  difficulties  in  order  to  achieve 
a  maximum  simplification  of  experimental  techniques. 

Vershaffelt  (9)  has  developed  a  theory  for  a  method  of  viscosity 
measurement  based  on  observations  of  the  torsional  oscillations  of  a 
sphere  submerged  in  the  studied  liquid  (external  hydrodynamic  problem). 
This  method  was  used  by  E.  B.  Polyak  and  S.  V.  Sergeyev  (10)  for  study¬ 
ing  the  viscosity  of  fused  metals.  However,  the  use  of  the  oscillating 
ball  method  in  metal  research  is  associated  with  two  serious  difficulties. 
First,  the  ball  must  be  attached  on  a  rod  (stem),  running  through  the 
free  surface  of  a  metal  having  a  high  surface  tension;  in  this  case,  it 
is  Impossible  to  evaluate  the  effect  exerted  by  the  surface  film  on  the 
stem  during  the  course  of  oscillations,  especially  in  view  of  the  fact 
that  the  surface  film  may  be  oxidised.  Second,  the  ball  must  sink  in 
the  metal  being  studied,  and  this  cannot  always  be  achieved  without 
using  an  additional  load  in  the  m>per  portion  of  the  stem.  In  case  of 
such  a  method  of  loading  the  suspension  system,  the  center  of  gravity 
of  this  system  is  raised  aixl  the  system  is  subjected  to  processional 
movements  and  to  a  dynamic  instability,  which  in  turn  results  in  dis¬ 
torted  values  of  the  dashing  decrement. 

The  oscillating  ball  method  was  subjected  to  a  thorough  experi¬ 
mental  investigation  by  V.  A.  Konstantinov  (11).  The  results  of  this 
study  point  to  a  number  of  significant  factors  which  conqillcate 
somewhat  the  use  of  this  method  for  measuring  the  viscosity  of  fused 
metals. 

Methods  based  on  an  internal  hydrodynamic  problem  (liquid  lo¬ 
cated  inside  the  oscillation  system)  are  free  of  the  above-mentioned 
defects,  but  the  mathematical  theory  of  these  methods  is  even  more  com¬ 
plicated.  However,  precisely  those  viscosimeters  which  are  based  on  an 
Internal  problem  can  be  most  conveniently  used  within  a  wide  range  of 
tenqperature  and  pressure  variations. 

The  study  performed  by  Helmholtz  and  Plotrowsky  (12)  contains  a 
theory  of  a  viscosimeter  consisting  of  a  hollow  spherical  casing 
(sheath),  filled  with  the  liquid  being  studied,  and  an  elastic  thread 
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performing  free  torsional  oscillations.  The  theory  elaborated  these 
authors  makes  it  possible  to  establish  a  connection  between  the  dancing 
decrement  aaid  the  oscillation  period^  on  the  one  hand,  and  the  viscosity 
of  the  liquid  enclosed  in  the  casing,  on  the  other  hand.  However,  the 
experiments  conducted  these  authors  were  aimed  rather  at  checking 
the  correct  nature  of  the  solution  of  the  hydrodynamic  problem,  than  at 
the  actual  measvirement  of  the  viscosity.  Hy  the  way,  these  experiments 
allowed  the  authors  to  reach  the  conclusion  about  the  presence  of  a  slip 
at  the  liquid-hard  wall  boundary,  a  conclusion  which  later  could  not  be 
confirmed. 

Since  the  calculation  performed  by  Helmholtz  did  not  meet  the 
requirements  inposed  on  the  theory  of  the  experimental  method,  this 
calculation  was  later  performed  again  in  a  sufficiently  conplete  form. 

The  instrument  built  on  the  basis  of  this  theory  was  used  for  measuring 
the  viscosity  of  water  and  hexane  (13).  However,  this  method  did  not 
find  a  wide  field  of  application,  apparently  in  view  of  technical  diffi¬ 
culties  involved  in  the  manufacture  of  the  instrument  and  the  setting 
up  of  e3q>erlfflents,  which  are  not  balanced  by  the  results  obtained. 

(^eat  difficulties  are  encountered  during  the  manufacture  of  the  hollow 
spherical  casing,  which  requires  a  high  degree  of  accuracy,  especially 
in  case  the  viscosity  of  metals  in  the  fused  state  must  be  measured. 
Ceramic  products  are  the  best  material  for  this  purpose,  although  the 
use  of  ceramic  products  in  the  manufacture  of  a  spherical  casing  is  ex¬ 
tremely  difficult.  Similar  difficulties  are  experienced  in  connection 
with  the  filling  of  the  casing  with  the  metal  to  be  studied,  the  possi¬ 
bility  of  ensuring  a  free  expansion  of  this  metal,  the  consideration  of 
this  effect  during  the  calculation  of  the  viscosity,  and  other  factors. 

In  view  of  the  technical  difficulties  associated  with  the  use  of 
a  hollow  spherical  rasing  as  a  vessel  for  holding  the  liquid  to  be 
tested,  consideration  has  been  given  a  long  time  ago  to  the  possibility 
of  using  a  small  cylindrical  bucket  for  this  purpose.  A  corresponding 
calculation,  relating  the  oscillation  period  and  the  damping  decrement 
of  such  a  system  with  the  viscosity  of  the  liquid  enclosed  in  the  bucket, 
was  performed  for  the  first  time  by  Meyer  (14).  In  order  to  sinplify 
the  problem,  Msysr  used  a  number  of  limiting  hypotheses,  and  specifi¬ 
cally  he  assumed  that  the  cylinder  had  a  large  radius  and  that  its 
height  was  small  in  cosparlson  to  this  radius.  Vdth  the  aid  of  an  in¬ 
strument  built  according  to  these  specifications,  measurements  of  the 
viscosity  of  salt  solutions  were  performed  (15)>  which  showed  that  this 
instrument  cotild  be  conveniently  used  in  the  rocsn  tenperatvire  range. 
Nevertheless,  as  in  the  preceding  case,  this  method  did  not  find  a  wide 
field  of  application.  The  reason  for  this  is  the  fact  that  the  theory 
of  the  method  eidiibited  a  number  of  defects,  the  calculating  system  was 
not  adequately  developed,  convenient  formulas  for  processing  actual  ex¬ 
perimental  data  could  not  be  obtained,  and  the  large  dimensions  of  the 
instrument  made  it  imsuitable  for  work  in  the  high  temperature  range. 


However,  the  idea  of  measttring  the  viscosity  by  observing  the  torsional 
oscillations  of  a  small  cylindrical  bucket,  filled  with  the  liquid  to  be 
tested,  no  doubt  deserves  the  most  serious  consideration  from  the  stand¬ 
point  of  simplicity  of  the  experimental  technique  used  during  such  meas¬ 
urements.  It  was  natural,  therefore,  that  this  problem  again  attracted 
the  attention  of  research  workers. 

A  study  published  in  1936  (16)  described  the  solution  of  the 
hydrodynamic  problem  concerned  with  the  motion  of  a  liquid  in  a  small 
(^llndrieal  bucket  performing  free  torsional  oscillations.  This  prob¬ 
lem  was  solved  without  the  limitations  mentioned  above.  The  article 
also  describes  certain  experiments  which  confirmed  the  correct  nature 
of  the  calculations.  A  second  study  (17)  was  concerned  with  the  prob¬ 
lem  of  obtaining  calculatlQg  formulas  for  determining  the  viscosity  on 
the  basis  of  actual  experimental  data.  Hy  means  of  rather  complex  cal¬ 
culations,  eight  formulas  were  derived,  with  the  aid  of  which  the  vis¬ 
cosity  can  be  determined.  Final  formulas  can  be  used  within  a  definite 
range  of  variation  of  a  certain  parameter,  containing  the  viscosity. 

The  theory  does  not  take  into  account  the  damping  (attenuation)  of  the 
system  when  the  liquid  is  not  present. 

On  the  basis  of  the  factors  mentioned  above,  we  are  forced  to 
conclxide  that  the  above  studies  cannot  be  considered  as  representing  a 
theory  of  an  eiqperimental  method  for  measuring  the  viscosity,  but  rather 
as  a  solution  of  a  certain  theoretical  problem  followed  hy  an  experi¬ 
mental  checkup. 

In  view  of  the  necessity  of  measuring  the  viscosity  of  fused 
metals  at  high  teiq)eratures,  there  was  an  urgent  need  for  a  method  which 
would  be  satisfactory  from  an  experimental  standpoint  and  which  would 
be  based  on  a  well-developed  theory,  yielding  convenient  formulas  for 
processing  the  results  obtained  dviring  observations. 

The  method  based  on  oscillations  of  a  cylinder  filled  with  the 
liquid  to  be  tested  satisfies  the  requirement  involving  simplicity  and 
convenient  use,  but  the  various  modifications  of  the  theory  cannot  by 
any  means  be  considered  satisfactory. 

For  this  reason,  it  was  necesseury  to  devise  a  completely  new  ap¬ 
proach  to  the  problem  concerned  with  the  oscillations  of  a  hollow  cylin¬ 
der,  filled  with  the  liquid  to  be  tested,  involving  the  use  of  a  method 
for  solving  this  problem  which  was  different  fron  the  ones  previously 
used,  and  thus  to  obtain  formulas,  tables  and  graphs  for  processing  the 
results  of  direct  observations,  which  would  be  acceptable  from  a  prac¬ 
tical  standpoint,  moreover  in  such  a  form  that  this  method  could  be  con¬ 
sidered  as  an  absolute  method. 
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5*  Formujljtlon  of  the  Problem  Related  to  the  Theory 
of  a  Mbn-Statlonaxy  Method  of  Viscosity  Measurement 

The  solution  of  two  different  problems  must  be  considered  in 
setting  up  the  theory  for  a  viscosity  measurement  method.  The  first 
problem  consists  in  finding  a  connection  between  the  kinematic  vis- 
eosiiy,  entering  into  hydrodynamic  equations,  and  the  parameters  ex¬ 
pressing  the  motion  of  the  system  connected  with  the  liquid,  which  are 
observed  during  the  course  of  measurements.  The  second  problem  in¬ 
volves  the  development  of  a  calculating  system,  which  will  allow  us  to 
find  in  the  most  efficient  way  the  viscosity  value  of  the  liquid  according 
to  the  observed  parameters  describing  the  motion  of  the  system.  The 
following  chapters  will  be  devoted  to  the  solution  of  both  of  these 
problems;  at  this  point,  however,  we  have  to  make  some  preliminary  re¬ 
marks  related  to  this  particular  problem. 

Let  us  assume  that  a  certain  physical  process  is  described  by  a 
single  differential  equation  consisting  of  partial  derivatives  in  rela¬ 
tion  to  an  unknown  ftmction  cp ,  which  is  determined  by  the  time  and  the 
coordinates.  Let  us  further  assume  that  a  single  constant  (a)  enters 
this  equation  as  a  parameter. 

Let  us  write  this  equation  as  follows: 

L\a,  y,  z,t)\=:0  (l.?6) 

A  typical  problem  of  mathematical  physics  consists  in  finding  the  field  of 
function  (p»  when  the  initial  and  boundary  conditions  are  given.  Let  us 
assune  that  this  problem  has  been  solved.  Then,  if  it  is  possible  to  de¬ 
termine  (p  experimentally  as  a  function  of  time  in  any  given  point,  which 
does  not  coincide  with  the  boundary  of  the  solution  field,  by  the  same  token 
it  then  becomes  possible  to  determine  the  parameter  (a)  in  a  differential 
equation.  However  in  those  cases  when  it  is  not  possible  to  effect  an  experi¬ 
mental  deteirmination  of  within  the  solution  field,  parameter  (a)  cannot  be 
determined  without  introducing  supplementary  conditions. 

This  is  quite  understandable  from  a  physical  standpoint.  Indeed, 
the  field  of  cp  values  is  formed  at  a  given  (a)  in  accordance  with  the 
type  of  differential  equation  and  the  initial  and  boundary  conditions. 

By  keeping  the  boundary  conditions  constant,  it  is  possible  to  change 
(a)  in  aqy  way  desired,  and  accordingly  the  field  of  cp  values  will  be 
deformed  only  within  the  solution  range.  Consequently  to  determine  (a), 
one  more  condition  is  needed.  A  supplementary  equation  for  the  boundary 
value  of  the  function  may  be  used  as  such  a  condition,  but  this  equation 
shoxild  contain  only  known  constants  as  parameters. 

Let  us  assume  that  the  solution  of  the  differential  equation  (1.26), 
satisfying  the  initial  and  boundary  conditions  is  expressed  by  the  formula: 
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ffz=f(a,x,y,z,t)  (1.27) 

aiid  let  the  boundary  value  of  this  function  be  equal  to  cPq.  it  is  pos¬ 
sible  to  determine  (a)  if  the  follovdng  supplementary  equation  is  given: 

01  =  0,  (1.23) 

where  M  is  a  certain  operator. 

All  these  considerations  are  also  applicable  when  the  problem  is 
set  up  (postvklated)  without  an  initial  condition.  Let  us  explain  this 
based  on  an  exan^le.  Let  us  assume  that  it  is  necessary  to  determine 
the  thermal  dlffuslvlty  of  a  rod  Insvdated  on  the  sides  by  the  tempera¬ 
ture  wave  method.  This  means  that  we  are  faced  with  the  following 
problem: 

=0(O<  Jf  <  oo.  0</<oo).  (1*29) 


9(0.  0=^ cos (1.30) 

where  <P  (x,  t)  is  the  tempera tvire »  a  is  the  unknown  (sought)  parameter 
of  the  differential  equation,  i.e.,  the  thermal  diffusivity,  q  is  the 
given  (prescribed)  cyclic  frequency  of  the  tenq>erature  fluctuations  at 
the  boujxlary,  and  A  is  the  known  amplitude  of  these  fluctuations. 

The  solution  is  expressed  in  the  following  form: 


ff{x,t)=:Ae  ^  ^ 


(1.31) 


Let  us  assume  that  it  is  possible  to  measure  the  temperature  at 
point  x.|  of  the  rod  within  the  solution  range.  Obviously,  the  meas¬ 
urement  results  will  be  expressed  in  the  form  of  a  known  harmonic  time 
function: 


Bco%(qt  — •i)=z  •  cot  ^ -^i)’ 

and  frcxn  here: 

\nB=^\nA  —  \f  -^x^. 

In  order  to  find  (a)  with  the  aid  of  this  equation,  it  is  necessary  to 
use  the  value  of  the  an^lltude  A  of  the  temperature  fluctuations  at  the 
boundary. 
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In  addition,  ve  have: 

«i  =  ]/"^  Xv 


Consequently,  after  subjecting  the  temperatvire  curve  at  point  x-] 
to  a  harmonic  analysis  and  thereby  determining  phase  from  the  last 
equation,  it  is  possible  to  determine  (a),  even  without  using  the  value 
of  the  an^litude  at  the  boundary.  However,  the  situation  is  substan¬ 
tially  different  in  case  the  temperature  can  be  measured  only  at  the 
boiindary  of  the  solution  range  (when  x  =  0).  In  this  case,  formula 
(1.32)  is  satisfied  at  any  value  of  (a),  and  consequently,  the  system 
of  equations  (1.29),  (1.30)  and  (1.31)  is  not  sufficient  to  allow  the 
determination  of  (a).  In  this  case,  a  supplementary  equation  is  neces¬ 
sary  for  the  tenqperature  at  the  bovmdary  of  the  solution  range  x  =  0. 

The  following  expression  of  a  heat  flow  can  be  used  as  such  an  equation: 


=  Q(t). 

x=it 


(1.35) 


Here  it  is  asstuned  that  X  is  a  known  parameter  of  equation  (1.35).  By 
finding: 


and  inserting  this  e:q)ression  into  (1.35),  we  obtain  an  equation  for 
calculating  (a),  which  is  based  on  experimental  data  and  which  refers 
only  to  the  toundary  of  the  solution  range,  l.e.,  to  the  boundary  con¬ 
dition. 
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Theory  of  the  Torsional-Oscillation  Method 
for  Measuring  the  Viscosity  of  Liquids 

1.  Basic  Theoretical  Concepts  of  the  Method 

In  a  number  of  studies  conducted  by  us  (1),  a  mathematical  theory 
of  a  method  for  measuring  the  viscosity  of  liquids  is  given,  which  is 
based  on  the  observation  of  torsional  oscillations  of  a  small  bucket 
filled  with  the  liquid  to  be  tested  and  suspended  on  an  elastic  thread 
coinciding  with  the  axis  of  the  bucket. 

The  theory  of  this  method  is  based  on  the  following  concepts: 
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1.  There  is  no  slip  between  the  liquid  and  the  internal  surface 
of  the  bucket. 

2.  The  oscillations  of  the  bucket  are  examined  after  a  suf¬ 
ficiently  long  Interval  of  time  following  the  start  of  such  oscilla- 
tionsi  when  the  initial  velocity  distribution  does  not  exert  any  effect 
on  the  movement  (motion)  of  the  liquid  (regular  regime). 

3.  The  oscillations  of  the  .bucket  have  a  smedl  amplitude. 

4*  The  motion  of  the  liquid  in  the  bucket  is  described  with  a 
sufficient  degree  of  accuracy,  without  taking  into  consideration  non¬ 
linear  terms  in  Navier-Stokes  equations  for  an  incompressible  liquid. 

In  the  following  paragraph  and  further  in  the  text  (see  #  11  of 
this  chapter),  this  particxilar  problem  forms  the  subject  of  a  special 
f  discussion,  in  order  to  find  out  to  vdiat  extent  the  formulated  concept 

8  can  be  substantiated  experimentally  and  theoretically  and  to  what  extent 

8  it  should  be  considered  as  an  Independent  hypothesis. 

The  first  concept  (which  has  already  been  mentioned  in  Chapter  1) 
is  generally  recognized  in  viscosimetry  and  forms  the  basis  of  all  meth¬ 
ods  for  measxiring  the  viscosity. 

The  second  concept  means,  from  an  experimental  standpoint,  that 
regular  oscillations  must  be  taken  into  consideration,  which  satisfy  the 
condition  of  a  linear  dependence  between  the  logarithm  of  the  amplitude 
and  the  oscillation  number.  A  linear  dependence  sets  in  after  several 
oscillations  following  the  beginning  of  the  process. 

When  the  condition  of  a  linear  dependence  is  fulfilled,  the  third 
condition  must  also  be  fulfilled,  since  the  latter  determines  the  con¬ 
stancy  of  factors  in  the  differential  equation  describing  the  motion  of 
the  bucket. 


2,  Velocity  Distribution 


First  we  shall  examine  the  hydrodynamic  problem  concerned  with 
the  distribution  of  velocities  in  the  liquid  filling  up  the  viscosimeter. 

The  working  space  of  the  viscosimeter  and  the  arrangement  of  the 
coordinate  axes  are  Illustrated  in  Figure  1. 

We  shall  use  the  Navier-Stokes  equations  for  an  incompressible 
liquid  as  a  starting  point.  If  an  elementary  ring  2TTr  dr  dz  is  selected 
in  the  liquid,  then  this  ring  will  perform  a  rotary  motion  with  a  tan¬ 
gential  velocity  V.  At  the  same  time,  the  velocity  components  v^.  and 
must  be  equal  to  zero;  in  this  case,  the  following  two  conditions  result 
from  the  continuity  equation  and  the  axial  symmetry  of  the  motion: 


— 

df 


=  0, 


(2.1) 


where  p  is  the  pressure,  cp  is  the  angidar  polar  coordinate  in  a  plane 
perpendicular  to  the  axis  Oz.  From  here,  one  can  conclude  that  the 
only  velocity  'omponent  (tangential)  is  the  function  v(z,  r,  t). 
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Thus,  during  an  annular  motion  of  the  liquid,  as  one  can  easily 
see,  the  nonlinear  terms  in  the  hydrodynamic  equations  are  identically 
converted  to  sero.  The  validity  of  this  concept,  in  case  of  small  am¬ 
plitudes  of  the  torsional-oscillation  motion  (equal  to  fractions  of  a 
radian)  was  checked  experimentally  by  Verschaffelt  (see  references  1 
and  9  in  the  bibliography  of  Chapter  I,  pages  21  and  22). 

The  concept  of  the  small  size  of  the  amplitude  in  this  particu¬ 
lar  problem  requires  a  special  examination.  At  present,  we  shall  base 
our  study  on  the  fact  that,  in  case  of  lew  wjcillation  frequencies, 
when  the  motion  proceeds  at  a  slow  rate,  the  liquid  really  moves  in 
concentric  layers  and  nonlinear  terms  cure  Identically  converted  to 
zero. 

Thus,  tdien  used  in  connection  with  this  partlculeo*  problem,  the 
Navler-Stokes  equations  assume  the  following  appearance  (2): 


\  dp 1^ 

p  ^  r  * 


(2.2) 


(2.3) 


^  I  JL^  I  ^ 1  ^  (2.4) 

'  r  dr  ds*  r*  '7'Sf* 

where  p  is  the  density,  v  ^  1}  is  the  kinematic  viscosity,  T]  is  the 

P 

dynamic  viscosity,  and  g  is  the  gravity  acceleration. 

During  the  course  of  measurements,  the  bucket  performs  a  damped 
torsional-oscillation  motion,  and  therefore  the  boundary  conditions  for 
the  liquid,  in  accordance  with  the  first  concept  (see  #  1  of  this  chap¬ 
ter),  ceui  be  written  in  cos^lex  form  as  follows: 

viR,  z,  t)  =  lQRe-^*,  (2.5) 

v{r,  ±H,  (2.6) 

Here,  0  is  the  reed  initied  amplitude  of  the  angxdar  velocity  of  the 
torsional-oscillation  motion  of  the  bucket. 

k  =  p-\-lq,  (2.7) 

where  y  is  the  attenuation  (damping  factor)  of  the  oscillations,  and  q 
is  the  cyclic  frequency. 

The  initial  condition  in  the  problem  is  absent,  according  to 
concept  No.  2  (see  0  ^  oT  this  chapter).  Therefore,  a  solution  can  be 
sought  in  the  form: 
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(2.8) 

(2.9) 

(2.10) 

(2.11) 

(2.12) 

^-](r)  satisfies  equation  (2.9)  without  the  term  ^  and  the  condition: 


v{r,  z,  z)e-^K 

The  function  \]r  (r>  z)  satisfies  the  condition: 

,  1  a;  ,  da.}.  ,  /ik  - 

m+7SF  +  'd+\T-?ip  =  ° 

and  the  conditions: 
z)=ztQR, 

.},(r.  ±H)  =  lQr. 

Let  us  assume  that: 

^(r,  z)=^i(r)~\-^.iir,  z). 


^^(R)  =  IQR. 

^2(^*  satisfies  the  equation  (2.9)  and  the  conditions: 

♦a(^.  2)  =  0. 

ilra(r,  ±H)  =  iQr  — 

One  can  easily  see  that: 

^  =  r/ 


(2.13) 

(2.14) 

(2.15) 

(2.16) 
(2.17) 


here,  is  a  Bessel  function  of  the  first  type  and  of  the  first  order, 
and 


n  =  go 


z)  =  2  ch  (»”//)  '  A  (!*»'■)  •  ch(0„z). 
n  =  l  ** 


(2.18) 


The  characteristic  numbers  v^i  sare  determined  from  the  equation: 
A(l‘a«)=0,  (2.19) 
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where  the  ejqpansion  factors  of  the  function  \|a 2  (r,  Z  H))  according 
to  J-](^n^)f  are  determined  from  the  known  formula: 


7  J 


H)'Jt  iv-nr)  dr  = 
/2<> 


\^nJn  (j* 


‘»«)  I K  J 


(2.20) 


{) 


2 

n 


(2.21) 


t 


ThuS)  by  designating  the  complex  angular  velocity  of  the  liquid 
uj  =  V,  we  obtain  the  solution  which  we  were  looking  for; 
r 


«(/,  r.  z)  = 

~  (P  i) + 21  ••^1  (H-.*)]  • 


(2.22) 


3.  Moment  of  Frictional  Forces 
on  the  Internal  Surfaces  of  the  Bucket 

The  Internal  friction  force  per  surface  unit  is  equal  to: 


(2.23) 


The  moment  of  frictional  forces,  acting  upon  the  internal  sur¬ 
faces  of  the  bucket,  can  be  expressed  as  follows: 
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Let  us  Introduce  the  complex  angular  displacement  of  the  bucket, 
a.  Then,  In  accordance  vdth  the  boundary  condition  (2.5),  we  get: 

(2.25) 

at 

Ely  moans  of  appropriate  calculations,  we  arrive  at  the  following 
eiqpression  for  the  moment  of  frictional  forces  on  the  Internal  surfaces 
of  the  bucket,  caxised  by  the  action  of  a  viscous  liquid: 

P  =  (2.26) 

at 


where: 

n=l 


th  {hr,H) 


(2.27) 


The  first  addend  in  the  right  side  of  the  equation  describes 
the  friction  which  takes  place  on  the  side  surface  of  an  infinitely 
long  cylinder  with  a  height  of  2H.  The  second  addend  takes  into  ac¬ 
count  the  friction  occurring  on  the  bottom  and  on  the  lid  of  the  bucket, 
and  also  the  change  in  the  side  friction  Introduced  by  these  end  sur¬ 
faces.  The  latter  e]q}res8ion  for  the  moment  of  friction  forces  is 
generally  applicable  and  can  be  used  for  any  values  of  R  and  H. 

4«  Equation  Describing  the  Oscillations  of  the  Bucket 

Three  types  of  moments  of  force  act  upon  the  suspension  system, 
consisting  of  the  bucket  filled  with  liquid  and  the  attachments  of  the 
bucket  to  the  suspension  thread. 

First,  an  elastic  (restoring)  moment  of  torsion  of  the  suspen¬ 
sion,  proportional  to  the  torsion  angle. 

Second,  a  moment  of  internal  friction  forces,  caused  by  the  pres¬ 
ence  of  the  liquid  in  the  bucket.  These  forces  not  only  cause  the  ap¬ 
pearance  of  an  attenuation  (damping)  of  the  torsional  oscillations  of 
the  suspension  system,  but  also  increase  the  oscillation  period  in  com¬ 
parison  to  the  period  observed  when  the  bucket  is  empty.  An  Increase 
in  the  period  takes  place  as  a  result  of  the  fact  that  a  certain  amount 
of  liquid  (combined  mass)  also  takes  part  in  the  process  of  oscilla¬ 
tions  of  the  bucket,  which  results  in  a  greater  effective  moment  of 
inertia  of  the  suspension  system.  In  view  of  this  fact,  this  particu¬ 
lar  iDoisent  of  forces  consists  of  two  terms:  a  term  proportional  to  the 
velocity,  and  a  term  proportional  to  the  acceleration. 
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Third,  it  is  necessary  to  take  i  to  account  the  effect  of  fric¬ 
tion  forces  caused  by  the  presence  of  the  gaseous  medium  surrounding 
the  bucket  and  by  defects  of  the  suspension  thread.  It  is  obvious 
that,  in  this  case,  the  combined  mass  is  vanishingly  small,  so  that 
the  corresponding  moment  is  simply  proportional  to  the  velocity. 

Let  us  Introduce  the  designation: 

«  =  a'-f/a^  (2.28) 

Then,  the  total  moment  of  friction,  caused  by  the  gaseous  environment 
and  defects  of  the  suspension  thread,  can  be  assumed  as  being  equal  to: 


The  eqmtion  describing  the  motion  of  the  bucket  can  be  written  in  the 
following  form: 


K 


dM 

dfl 


-|-yva'  = 


(2.30) 


where  K  is  the  moment  of  inertia  of  the  entire  suspension  system  with¬ 
out  the  liquid,  and  N  is  the  elasticity  factor  of  the  suspension  thread. 

The  first  member  in  the  right  side  of  the  equation  represents  a 
complex  e]q>resslon,  and  therefore  yields  addends  which  are  proportional 
to  the  velocity  and  acceleration.  Let  us  designate: 

L  =  L'-^IL\  (2.31) 


The  actual  (real)  portion  of 
the  relation: 


,  da,  apparently,  can  be  expressed  by 
^  dt 


(2.32) 


(Note;  The  symbols  Re(X)  and  lm(X)  are  used  to  designate  the  real  and 
imaginary  parts  of  the  coo^lex  expression  X. ) 

In  this  expression,  it  is  necessary  to  exclude  dg".  which  can  be 

dt 

easily  accomplished.  By  differentiating  (2.2$),  we  get: 


rfV  ,  ,  dW' 
dfi  *  dC*  ~ 


(2.33) 


Noooo 


from  which,  after  dividing  the  real  and  imaginary  parts,  we  get: 

I  pda'  (2.34) 

dt  q  q  dt' 


Thus,  the  perturbing  force  caused  by  the  action  of  the  liquid 
can  be  e^ressed  as  follows: 


(2.35) 


and  the  equation  describing  the  motion  of  the  bucket  will  assume  the 
form: 


(2.36) 


As  will  be  shown  below  (see  2.45),  L"  is  a  negative  value.  For  this 
reason,  the  presence  of  an  Internal  friction  of  the  liquid  affects  the 
Increase  in  the  moment  of  inertia  of  the  system  caused  by  entrained 
layers  of  the  liquid,  and  also  affects  the  appearance  of  an  additional 
attenuation  (daiqjlng)  .  P  >  which  plays  a  predominant  role  in 

"  q  2 

coDfiarison  to  By  substituting  in  equation  (2.36)  o',  da' .  d^a', 

dt  dt^ 

according  to  the  expression: 


cos  (fl'/-}-  9) 


(2.37) 


and  by  equating  to  zero  the  factors  at  sine  and  cosine,  we  shall  obtain 
the  following  two  equations: 


n  _ L_\ 


N  I 


)• 


(2.38) 

(2.39) 


Let  us  exclude  from  these  equations  the  member  _ 

Ko2 


1 


Considering 


ftp-:  -: 

that  the  equation  describing  the  motion  of  the  bucket,  in  the  absence 
of  a  liqxiid,  has  the  followi;.g  appearance: 


l^dW  I  ,  do'  ,  ,  - 


(2.40) 
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axid  consequently: 

Z.o  =  2/rpa,  (2.41) 

where pQ  is  the  attenuation  (damping  factor)  of  the  oscillations  of  an 
empty  system,  we  get: 


(2.42) 


If  the  frequency  of  oscillations  of  an  en^ty  system  is  designated  by 
q^,  then: 


a 

K 


(2.43) 


and,  instead  of  (2.38)  and  (2.39),  we  shall  obtain: 

—  —  to  /  l  I  \  ft 


(2.U) 

(2.45) 


All  three  equations  (2.42),  (2.44)  and  (2.45) >  in  their  left 
sides,  contain  the  viscosity  of  the  liquid,  expressed  by  means  of  L* 
and  L",  and  in  the  right  sides  only  the  experimentally  observed  values, 
and  are  suitable  for  the  derivation  of  calculating  formulas  expressing 
the  viscosity  hy  means  of  the  attenuation  (danfiing)  and  oscillation 
period  of  the  bucket. 

However,  from  the  standpoint  of  the  requirements  liq>osed  on  the 
theory  ?f  the  method,  there  is  a  substantial  difference  between  the 
first  of  these  equatioxis  and  the  last  two  equations.  The  first  equa¬ 
tion,  i.e.,  (2.42)  is  obtained  by  excluding  N,  and  therefore  this  equa¬ 
tion  does  not  contain  the  condition  specifying  the  Independence  of  N 
from  the  load  and  the  temperature.  This  equation  will  later  play  a 
major  role.  The  last  two  equations,  i.e.,  (2.44)  and  (2.43),  are  ob¬ 
tained  by  replacement  of  N  with  the  oscillation  frequency  of  the  empty 
system  q^,  and  the  latter  is  determined  by  the  load  applied  on  the 
thread  and  by  the  temperature  of  this  thread  (liuofar  as  N  exhibits 
such  a  dependence).  Therefore,  qQ  must  be  measured  over  the  entire  tem¬ 
perature  range,  in  which  the  viscosity  is  measured,  and  precisely  at  the 
load  on  the  thread,  at  which  the  measurement  of  the  viscosity  is  per¬ 
formed.  In  view  of  this  fact,  equation  (2.44)  will  not  be  used  at  all 
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in  our  further  study,  and  equation  (2.4^)  will  be  used  to  a  limited  ex¬ 
tent  precisely  in  the  viscosity  range  in  which  the  logarithmic  damping 
decrement  does  not  depend  to  a  great  extent  on  the  viscosity  of  the 
liquid. 


5.  First  Approximation  for  the  Friction  Function  L 


Equation  (2.27)  is  too  complex  to  be  used  directly  in  viscosime- 
try.  Therefore,  this  equation  must  be  reduced  to  a  more  simple  form, 
by  using  reasonable  approximations.  Let  us  assvune  that: 


(2.46) 


With  the  aid  of  (2.7)  and  (2.21),  it  is  possible  to  arrive  at  the  fol¬ 
lowing  expressions: 


Let  us  examine  th(d’j^H).  According  to  the  well-known  formula, 
coupling  a  hyperbolic  and  simple  (prime)  tangent: 


(2.47) 

(2.48) 


th(d„//)  =  -/tg  (/()„//). 


(2.49) 


With  the  aid  of  this  relation  and  the  expression  for  tg(i^nH)»  in  case 
of  a  high  value  of  the  imaginary  part  of  the  conqplex  variable,  i.e., 
when ^1,  one  can  obtain  the  following  expression: 


th  (»„//)  =  I  -f-  sin  (2dJ//). 


(2.50) 


It  can  be  easily  seen,  that,  when'^^H  >  5>  the  imaginary  part  has  a 
value  smaller  than  1  •  10~^i.  Therefore,  setting  up  the  requirement 
that: 


^nH>S  (5=5) 


(2.51) 


at  any  value  of  s,  one  can  write  accurately  up  to  an  addend  not  greater 
than  i2e“2®: 


th(d„//)=l. 


(2.52) 
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It  should  be  noted  that  it  is  not  always  permissible  to  leave  out 
(discard)  the  purely  imaginary  part  of  the  expression,  as  con^ared  to 
the  real  part.  In  the  case  being  studied  here,  this  can  be  done  because 
unity  is  the  main  addend  in  the  expressions  for  the  real  and  imaginary 
parts  of  L  (equations  (2.72)  and  (2.73)). 

Thus,  when  the  condition  (2.51)  is  fulfilled,  the  following  ex¬ 
pression  for  L  is  obtained: 


6.  Physical  Manning  of  the  First  Approximation 
for  the  Friction  Function 

The  second  addends  in  formulas  (2.22)  and  (2.27)  for  u)  and  L  are 
based  on  the  effect  exerted  by  the  end  surfaces  of  the  bucket.  The  cor¬ 
responding  member  in  (2.22)  can  be  written  in  the  following  form,  with 
the  aid  of  the  relations  (2.7)  and  (2*46): 


«)4(/.  r,  z)z=  ^  . 

n=t  ~ 


(2.54) 


Apparently,  this  portion  of  the  total  (over-all)  solution  rep¬ 
resents  an  infinite  sum  of  waves,  propagated  in  both  directions  of  the 
z  axis  with  an  amplitiuie  determined  by  r  and  subject  to  an  exponential 
attenuation  in  space  and  in  time. 

The  amplitude  along  the  z  axis  in  (2.54)  can  be  transformed  as 
follows: 

.-*«•  =  ,  I*"!  \ 


where  Lj^  is  the  wavelength  corresponding  to  the  wave  number 


(^{i| .  Then: 
(2.56) 


is  the  logarithmic  decrement  of  the  spatial  attenuation  of  the  aiq>li- 
tude.  From  a  comparison  of  and  follows  that  >  2n.  This 
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means  that  the  waves  examined  here  are  totally  attenuated  (daiqped)  at  a 
distance  equal  to  the  wavelength  and  belong  to  the  type  of  temperature 
waves  (3)*  At  a  distance  z  =  H,  the  amplitude  along  the  z  axis  is  equal 
to: 

-A  " 

A  =  A^e  (2.57) 


F 

8 

8 


if: 


H 

Ln 


(2.58) 


where  s  is  a  whole  number  or  a  fraction,  then  the  amplitude  at  a  dis¬ 
tance  H  will  be  reduced  e^  times. 

On  the  other  hand,  from  (2.56)  it  is  easy  to  obtain: 


(2.59) 


and,  according  to  the  requirement  of  (2.51)  must  be  equal  to: 

H .  s 

TT 


(2.60) 


F^om  here  it  is  obvious  that  condition  (2.51 )»  at  the  fulfillment  of 
which  th(^H)  ^  physically  means  that  all  viscous  waves,  arising 
from  the  bottom  a^  lid  of  the  bucket,  are  damped  e^  times  at  a  dis¬ 
tance  H.  When  s  =  5,  this  results  in  a  ratio  of  the  amplitude  in  a 
medium  plane  of  the  bucket  to  the  amplitude  at  the  bottom  or  on  the  lid, 

=  0.006. 

A(H} 

Consequently,  in  case  the  inequation  (2.51)  is  fulfilled,  viscous 
waves  propagated  frcan  the  bottom  axxi  the  lid  of  the  bucket  are  unable 
to  reach  the  opposite  surfaces,  and  are  totally  damped  along  their 
propagation  course,  i.e.,  the  effect  of  friction  from  the  bottom  and 
the  lid  of  the  bucket  is  an  additive  effect.  In  case  of  a  free  surface, 
L  will  be  determined  by  the  expression: 


(2.61) 


At  the  same  time,  the  waves  arising  from  the  bottom  of  the  bucket 
are  damped  without  reaching  a  free  surface  and  are  incapable  of  being 
reflected  from  this  surface. 
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Second  Aoproxlinatlon  for  the  Friction  Function  L. 
Low  Viscosity  Liquids 


-4 


The  expressions  for  L,  given  by  formulas  (2.53)  and  (2.61),  con¬ 
tain  the  viscosity  j'i  complex  arguments  of  Bessel  functions,  and  are 
therefore  unsuitable  for  processing  experimental  results.  In  order  to 
sliqpllfy  these  expressions,  It  Is  possible  to  use  either  an  asyiqptotlc 
representation  for  Bessel  functions,  or  an  expansion  In  a  series,  or  to 
draw  up  tables. 

Let  xis  make  use  at  first  of  the  first  possibility.  From  the 
theory  of  Bessel  functions.  It  Is  known  that  an  asynptotlc  representa¬ 
tion  with  the  aid  of  two  members  gives  good  results  for  values  of  an 
argument  higher  than  8-10.  According  to  (2.17),  with  an  accuracy  of 
U  the  modulus  of  the  argvunent  of  Bessel  functions  Is  equal  to: 


m=R\/' -t. 


(2.62) 


Let  US  set  up  the  requirement  that: 


(2.63) 


Liquids  which  comply  with  this  condition  will  be  designated  by  us  as 
low-vlseoslty  liquids  (Note;  Obviously,  this  concept  does  not  charac¬ 
terize  merely  the  physical  properties  of  the  liquid,  but  rather  the 
combination  of  physical  properties  and  experimental  conditions). 

On  the  basis  of  recurring  formulas,  we  have: 


M_1__^(P) 

Am' 

dy  using  an  asynptotic  representation: 


^i(| 


cos  1 

i^-j] 

|  +  ^sln( 

[^-t) 

sin  1 

>-t) 

+  ^cos| 

hr) 

we  obtain: 


41L>  — 
Am" 


1  . 
5?’ 


By  substituting  into  (2.64),  we  get: 


(2.64) 


(2.65) 


(2.66) 
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(2.67) 


Thus,  when  condition  (2.63)  is  fulfilled,  the  expression  for  L 
assumes  the  following  appearance: 


According  to  (2.17): 

P = R  /  I = «  /I  [/J+)/x<+r+ 

_ _ _  (2.09) 

+'V^— «+/iHrr], 

where : 

X  =  -5..  (2.70) 


Since  X  is  a  small  value,  oy  expanding  3  in  series  according  to  the 
power  of  X  and  discarding  members  of  an  order  higher  than  x^,  we  find: 


=  5-*+T^’)  + 

+‘(‘+T*+»]- 


(2.71) 


From  here,  the  followii:g  expressions  are  obtained  for  the  real  and 
imaginary  parts  of  L: 


(2.72) 
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(2.73) 


L" 


X 


2 

wnere  V  represents  a  volume  of  liquid  in  the  bucket  equal  to  2nHR  . 

8.  Equation  for  Calculating  the  Viscosity 

Let  us  calculate  the  expression  L'  +  L".  8y  introducing,  in¬ 
stead  of  the  value  6n  according  to  the  equation: 

a;  =  Oj; /?*  =  ,*«/?*  —  1  /?»,  ^2.74) 


one  can  easily  see  that: 

r-(-xi»=2v>v/}^ 

where: 


(2.75) 


(2.76) 


By  substituting  the  value  of  L'  +  xL"  which  we  have  found  into  (2.42), 
we  get: 


(2.77) 


By  replacing  in  this  equation  q,p»po  obvious  re' 

lations: 


9  = 


2k 


X  » 


(2.78) 
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(2.79) 


>  = 


t  » 


(2.80) 


where  t  and  Tq  represent^  respectively,  the  oscillation  period  of  the 
bucket  with  and  without  the  liquid,  6  and  6q  <—  the  logarithmic  decre¬ 
ment  of  attenuation  of  these  oscillations,  we  arrive  at  the  following 
formula  for  calculating  the  kinematic  viscosity  of  the  liquid  filling 
up  the  bucket: 


(2.81) 

« Wp/? 

)  t9* 

Since  in  the  last  equation,  Vp  =  M  represents  the  mass  of  the  liquid  in 
the  bucket,  this  equation  can  be  written  in  the  following  form: 

(2.82) 

-*a«  * 

wnore  Q  is  expressed  by  the  relation: 


Let  us  Introduce  the  following  designations: 


(2.84) 
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and 


00 


Let  U8  examine  the  series  S  US  get: 

»P*^n  ^ 


MifK 


/  I*’.**  1 

1*  j/i**! 

f  yl  y  ' 

[>  • 

1 

r 

-./I 


x+V  1  + 


-  2 


x+x‘ 


.a_ 


/ 


H-Jf+l/  H 


-  2- 


(2.85) 


(2.86) 


y  '  '  f  ■  y*  y’ 

The  terms  of  the  series  (2,84)  decrease  in  prci^urtlon  to 


"in* 


and  thereforSf  without  the  risk  of  a  great  error,  one  can  limit  oneself 
to  the  first  m  terms  of  the  series,  which  comply  with  the  condition 
4  70-80)^  of  y. 

By  eiqpanding  the  radicals  in  series  in  (2.86),  and  by  disregard- 
l^^durlng  all  transformations,  terms  of  an  order  higher  than  x  and 

in  comparison  to  unity,  we  obtain  the  following  approximate  formula 

for  the  sum  of  the  first  m  terms  of  the  series  (2.84): 


n-1 


8  y 


(2.87) 


However,  the  use  of  formula  [2,8^)  is  associated  not  only  with 
unwieldy  calculations,  but  also  introduces  a  certain  inaccuracy  into 
the  calcxilatlon. 
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It  is  more  expedient  to  draw  up  a  table  and  charts  (grapt  ), 
vdiich  make  the  calculation  of  a  considerably  more  simple  and  accurate. 
For  this  purpose)  let  us  esqpand  Qq(X)  y)  in  series  according  to  the 
powers  of  x.  Since  x  and  the  coefficient  of  x  in  Qj^  are  small  values 
in  comparison  to  unity^  one  can  limit  oneself  to  the  first  power  of  x: 


•■1  «■! 


X  =  d  —  CX. 


Now,  a  can  be  written  in  the  form: 

,3  3  .  1  4/? 

e  =  1  —  —  X  —  j  X*  —  a  -f-  (d  —  CX). 


(2.88) 


(2.89) 


Here: 

a=-i=r.  (2.90) 

The  coefficients  a,  b,  c  are  listed  in  Table  1  and  are  represented  in 
Figure  2  as  functions  of  y.  The  range  of  variations  of  y  between  100 
and  3,500  is  quite  sufficient  for  working  purposes.  Since  in  case  of 
high  values  of  y,  all  three  coefficients  vary  very  slowly,  the  values 
of  these  coefficients  can  be  selected  directly  from  the  table  in  the 
region  wnere  y  >  2,500,  rounding  off  y  to  two  significant  digits. 

Factor  b,  which  plays  a  major  role  in  a,  is  calculated  by  direct 
summation  of  series  (2.84) •  Factor  c  is  calculated  in  an  approximate 
way  according  to  formula  (2.87).  The  values  of  b,  calculated  accurately 
and  by  means  of  the  approximate  formula  (2.87),  exhibit  a  divergence  of 
up  to  15$  when  y  =  150,  of  up  to  5$  when  y  =  1,000,  and  of  up  to  1$  when 
y  =  2,000.  The  figures  mentioned  above  characterize  the  accuracy  of 
formula  (2.87). 

The  calculation  of  v  is  conducted  in  the  following  order:  first, 
^  is  calculated  by  means  of  formula  (2.82)  when  o  =  1,  then  factors  a, 
b,  c  are  determined  with  the  aid  of  the  curves  Illustrated  in  Figvu*e  2, 
wten  _  2n  o2  after  which  a  is  calculated  by  means  of  formula  (2.89), 
^  ”  tv*  * 

and  finally,  the  final  result  is  determined: 

(2.91) 


In  case  o  differs  considerably  from  vinlty,  the  second  approximation  for 
V  is  determined  in  the  same  manner. 
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Table  1 


] 


y 

a 

b 

e 

y 

a 

b 

c 

100 

0,2121* 

0,0466 

0,1150 

1700 

0,0514 

0,1032 

0,1683 

150 

1732 

587 

1243 

1800 

500 

1037 

1688 

200 

1500 

669 

1312 

1900 

487 

1042 

1693 

250 

1342 

725 

1366 

2000 

474 

1047 

1697 

800 

1224 

765 

1409 

2100 

463 

1052 

1701 

350 

1130 

798 

1444 

2200 

452 

1056 

1704 

400 

1061 

826 

1472 

2300 

442 

1060 

1707 

450 

1000 

850 

1496 

2400 

433 

1064 

1710 

500 

947 

870 

1517 

2500 

424 

1067 

1713 

600 

865 

901 

1552 

2600 

416 

1070 

1716 

700 

801 

926 

1579 

2700 

408 

1C73 

1718 

800 

750 

946 

1601 

2800 

401 

1076 

1720 

900 

706 

962 

1618 

2930 

394 

1078 

1722 

1000 

671 

975 

1631 

3000 

387 

1080 

1724 

1100 

639 

986 

1642 

3100 

381 

1082 

1725 

1200 

612 

995 

1651 

3200 

375 

1084 

1726 

1300 

588 

1004 

1659 

3300 

369 

1086 

1727 

1400 

567 

1012 

1666 

3400 

364 

1088 

1728 

1500 

547 

H>19 

1672 

3500 

358 

1090 

1729 

1600 

530 

1026 

1678 

»In  this  and  all  other  tables  containing  "eoninas'', 
these  represent  decimal  points 


It  should  be  noted  that,  dtiring  the  derivation  of  (2.29)  >  the 
constancy  N  was  not  used  anywhere,  >diich  makes  it  possible  to  avoid  any 
limitations  during  the  selection  of  a  material  for  the  suspension  thread. 

During  calculations  according  to  formula  (2.82),  an  exact  knowl¬ 
edge  of  Tq  and  6q  is  not  required,  since  the  member  containing  these 
values  is  usually  quite  small  in  comparison  to  6. 

Finally,  we  wish  to  emphasize  that  the  expression  for  o,  given  by 
formula  (2.89),  is  obtained  in  the  assiimption  that  there  are  two  end 
surfaces  of  contact  (tangency)  between  the  liquid  and  the  bucket:  namely, 
at  the  bottom  and  on  the  lid.  In  case  a  single  contact  surface  (bottom) 
azkl  a  free  surface  of  the  meniscus  are  present,  the  coefficient 

2H 

adjacent  to  the  last  addend  in  the  right  side  of  formula  (2.89)»  must 
be  reduced  two  times  (i.e.,  made  2  times  smaller). 


-  40  - 


mi  00  GO 


I*«  00  CO 


9.  Second  Approximation  for  the  Friction  Function  L. 

Hlgh»Vlscoslty  Liquids 

The  previously  obtained  equations  (2.27)  and  (2.42)  are  quite 
general  and  do  not  contain  any  limitations,  except  for  physical  premises 
of  the  theory,  which  were  formulated  in  Computing  formulas  for 

calculating  the  viscosity  of  low-viscosity  liquids  were  obtained  as 
shown  in  #  5-8.  The  limitations  introduced  for  this  purpose  are  ex¬ 
pressed  by  the  inequations  (2.51)  and  (2.63). 

L.  S.  Priss  has  presented  a  modification  of  the  theory,  adapted 
to  the  problem  of  measiiring  the  viscosity  of  high-viscosity  liqviids. 

The. material  presented  in  #  9-10  is  based  on  the  work  of  L.  S.  Priss  (4). 

Let  us  retain  the  first  approximation  for  the  friction  f^mction 
L,  expressed  by  Ineqxiatlon  (2.51)  and  the  resulting  condition  (2.52). 
Consequently,  L  can  be  stiU  expressed  as  before  by  means  of  the  equa¬ 
tion  (2.53),  or  in  a  different  form,  considering  that  ttr2  •  2Hp  =  M  and 
(2.64): 


S 

M=1 


7 

'n 


(2.92) 


Let  us  discard  for  the  time  being  the  last  term  in  this  equation, 
which  corresponds  to  an  examination  of  an  infinitely  long  column  of 
liquid,  and  let  us  insert  the  corres])onding  expression  ^or  L  into  equa¬ 
tion  (2.42) •  3y  discarding  and  ^  in  comparison  with  unity,  and 

q  T> 

taking  (2.17)  into  accoxmt),  we  shall  obtain  the  followir^  expression 
for  the  attenuation  decrement  (damping  ratio): 

,  I  Mi  V'l)  2  \  1 

where: 

The  dependence  of  6  on  ^  is  illustrated  in  Figure  3  in  relative 

units. 

Since  V  is  inversely  proportional  to  y,  it  can  be  seen  from  the 
figure  that  the  attenuation  decrement  approaches  zero  at  small  and  high 
values  of  v,  reaching  a  maximum  value  when  ^  =  4*3*  This  result  is 
quite  v^erstandable  from  a  physical  standpoint,  since  in  the  first 
case  the  properties  of  the  liquid  are  such  that  it  approaches  the  state 
of  cui  ideal  liquid,  and  in  the  second  case,  that  of  a  solid  body. 


(2.93) 


(2.94) 
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By  introducing  the  limitation  ^  >  10,  we  examined  the  falling 
part  of  the  curve  6(^)  and  obtained  fornnolas  for  lov-viscoslty  liquids. 
It  is  obvious  that  the  use  of  this  sector  of  the  curve  for  measuring 
hlgh-vlsoosity  liquids  with  a  high  value  of  v  yields  values  of  R  or  q 
which  are  too  high,  i.e.,  results  in  practically  unacceptable  experi¬ 
mental  conditions* 

The  ascending  part  of  the  curve  is  quite  suitable  for  cal¬ 
culating  the  viscosity  of  high-viscosity  liquids.  The  statements  made 
above  in  regard  to  the  shape  of  the  6(0  curve  help  to  clarify  the  con¬ 
cepts  of  a  low-  and  high- viscosity  liquid:  the  former  corresponds  to 
the  falling  part  of  the  curve,  and  the  latter  —  to  the  rising  part  of 
the  curve. 

At  values  of  |B(  $  1.2,  the  function  Jq(P)  can  be  expanded  in 
series  according  to  the  powers  of  B: 


P 

46080 


(2.95) 


Then,  (2.92)  assumes  the  following  appearance: 


Z.= 


-2Afv 


lILj 

1  ^  2lj\ 

(2.96) 

u  ^ 

^  96  ^ 

^  1536  ^ 

^  23040 

where: 


n  =  1 


(2.97) 


After  separating  in  (2.96)  the  real  and  imaginary  parts  L'  and 
L",  forming  the  e3q)reeslon  +  2  L"  substituting  this  e:q)ression 

q 

into  (2.42),  by  means  of  rather  cumbersome  calculations,  it  is  possible 


to  obtain  the  following  formula: 


(2.98) 
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in  which  all  members  smaller  than  10“^  are  dropped  in  the  bracket.  By 
designating  this  bracket  as  o  and  replacing  yQ  and  q  by  periods  and 
decrements)  we  obtain  the  following  equation  for  calculating  the  vis> 
cosity: 


0,8225-i^.>?aa 

where: 

o  =  I  -I-  0, 250^4  —  0.0768*  —  0. 1 645^*  —  0,4924  A 

2H 


(2.99) 


(2.100) 


and: 


(2.101) 


When  only  one  contact  siurface  (liquid  with  a  free  surface)  is 
present)  the  last  member  in  o  must  be  reduced  (made  smaller)  two  times. 

As  previously)  the  calcidatlon  of  v  is  performed  by  the  method 
of  successive  approximations:  first)  the  rough  value  v  >  v*  at  o  s  1 
is  determined)  which  is  then  substituted  into  o,  and  the  iinal  result 
is  obtained  by  means  of  the  formula: 

'*  =  '**«•  (2.102) 


The  criterion  for  the  applicability  of  formula  (2.99)  is: 


or)  otherwise: 


>2.2, 


(2.103) 


Equation  (2.99)  differs  substantially  in  its  structure  from  equa¬ 
tion  (2.82).  Accor^ng  to  the  former  equation  (2.99))  at  small  6  valvies 
the  viscosity  is  inversely  proportional  to  the  attenuation  decrement;  ac 
cording  to  the  latter  (2.82))  the  viscosity  is  directly  proportional  to 
the  square  of  the  decrement.  This  difference  is  based  on  sufficiently 
obvious  physical  reasons. 
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As  was  already  mentioned,  formula  (2.99)  covers  the  range  of 
variation  0  4  1*2,  while  formula  (2.82)  covers  the  range  10  <  ^  <  oo, 

and  thus,  there  remains  a  range  of  variation  in  the  viscosity  (on  the 
given  Instrument),  which  corresponds  to  values  of  ^ ,  lying  within  the 
range  1.2  <  ^<10.  This  range,  naturally,  can  be  spanned  not  by  one, 
but  by  two  instruments,  having  appropriately  selected  Tq,  K,  R  and  M 
characteristics. 

In  order  to  narrow  down  this  range,  L.  S.  Rriss  performed  a  cal¬ 
culation  of  L,  by  representing  this  value  in  the  following  form: 


L  = 


2MI^q 


[p,(^.  0+ 


4/? 

2// 


(2.104) 


where  P'|(x,  ^)  corresponds  to  the  first  addend  in  the  right  part  of 
(2.92)  and  Q'](x,  O  second  addend.  Then,  the  formula  used 

for  calculating  v  with  the  aid  of  tables,  in  case  of  friction  surfaces 
at  the  bottom  and  on  the  lid,  assumes  the  appearance: 


W  ^  ^o)  +  Sa  =  a -h  M  ^  (rf -4- e8)  —  c8«. 


(2.105) 


The  values  of  factors  a,  b,  c,  d,  e,  corresponding  to  the  range  1 .0  4 
4.2,  represented  not  as  functions  of  but  as  functions  of  the 
parameter  VT  in  order  to  make  the  calculations  more  convenient,  are 

R^ 

listed  in  Table  2.  Calculation  with  the  aid  of  this  table  is  performed 
in  the  following  manner:  at  first,  the  numerical  value  of  the  following 
quantity  is  determined: 


lo/r 

Af7?S 


(2.106) 


and  then  the  two  closest  values  of  A-i  and  A2  (A-j  <  A  <  A2)  are  found  in 
the  table,  after  which  vt,  corresponding  to  the  fovind  valvie  of  A,  is 

determined  by  linear  interpolation.  In  this  connection,  one  should  be 
guided  by  the  fact  that  the  value  of  A  is  mainly  determined  by  factor  a. 
For  this  reason,  prior  to  performing  an  accurate  calculation,  it  is 
necessary  to  mentally  appraise  which  line  in  the  table  corresponds  ap¬ 
proximately  to  the  calculated  value  of  A;  usually,  this  line  is  located 
slightly  above  the  line  with  a  value  of  A  =  a.  With  a  little  practice, 
a  rapid  finding  of  Ai  and  A2  does  not  present  any  difficulty. 

Let  us  give  an  example  of  such  a  calculation.  We  shall  assume 
that  A  =  4.230,  6  =  0.2405,  T  =  9.433  sec,  2H  =  5.0  cm,  R  =  1.296  cm, 
r2  =  1.680. 
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(Table  *  continued) 


1 

a 

b 

c 

d 

e 

1,16 

3,162 

0,636 

0,186 

0,346 

0,112 

1,20 

3,078 

0,601 

0,184 

0,340 

0,106 

1,24 

2,996 

0,569 

0,182 

0,333 

0,101 

1,28 

2,922 

0,532 

0,180 

0,327 

0,096 

1,32 

2,849 

0,511 

0,178 

0,320 

0,092 

1,36 

2,779 

0,485 

0,176 

0,314 

0,088 

1,40 

2,712 

0,461 

0,173 

0,308 

0,084 

1,44 

2,648 

0,439 

0,171 

0,302 

0,060 

1,48 

2,586 

0,418 

0,168 

0,297 

0,076 

1,52 

2,527 

0,399 

0,166 

0,291 

0,073 

1,56 

2,470 

0,381 

0,163 

0,285 

0,070 

1,60 

2,416 

0,363 

0,161 

0,280 

0,067 

1,64 

2,364 

0,347 

0,158 

0,275 

0,065 

1,68 

2,314 

0,332 

0,156 

0,270 

0,062 

1.72 

2,266 

0,319 

0,153 

0,265 

0,060 

1,76 

2,220 

0,306 

0,151 

0,260 

0,057 

1,80 

2,175 

0,293 

0,148 

0,255 

0,055 

1,84 

2,132 

0,281 

0,146 

0,251 

0,053 

1,88 

2,091 

0,270 

0,143 

0,246 

0,051 

1,92 

2,051 

0,260 

0,141 

0,242 

0,049 

1,96 

2,012 

0,250 

0,139 

0,238 

0,047 

2,00 

1,975 

0,241 

0,137 

0,234 

0,046 

2,05 

1,930 

0,230 

0,135 

0,229 

0,044 

2.10 

1,887 

0,220 

0,132 

0,224 

0,042 

2,15 

1,847 

0,210 

0,130 

0,220 

0,041 

2,20 

1,806 

0,201 

0,127 

0,215 

0,039 

2,25 

1,770 

0,193 

0,125 

0,211 

0,037 

2,30 

1,734 

0,185 

0,123 

0,207 

0,036 

2,35 

1,700 

0,177 

0,121 

0,203 

0,034 

2,40 

1,666 

0,170 

0,119 

0,199 

0,033 

2,45 

1,634 

0,164 

0,117 

0,196 

0,032 

2,50 

1,603 

0,158 

0,115 

0,192 

0,030 

2,60 

1,545 

0,146 

0,112 

0,186 

0,028 

2,70 

1,490 

0,136 

0,109 

0,179 

0,026 

2,80 

1,439 

0,127 

0,105 

0,173 

0,024 

2,90 

1,391 

0,119 

0,102 

0,168 

0,023 

3,00 

1,347 

0,111 

0,099 

0,163 

0,021 

3,10 

1,305 

0,104 

0,096 

0,158 

0,020 

3,20 

1,265 

0,098 

0,093 

0,153 

0,019 

3,30 

1,228 

0,092 

0,090 

0,149 

0,018 

3,40 

1,193 

0,087 

0,088 

0,145 

0,017 

3,50 

1,160 

0,062 

0,066 

0,141 

0,016 

3,60 

1,129 

0,078 

0,063 

0,138 

0,015 

3,70 

1,099 

0,074 

0,081 

0,134 

0,014 
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(Table  2  continued) 


In  Table  2,  we  find  the  line  in  which  a  =  4.239  «  A,  which  cor- 
reeponds  to  a  value  of  v  t  ^  q  ^  the 'factors  b  and  d  on  this 

lino:  b6  «  0.300,  ^  ^  0.400,  Consequently,  in  order  to  obtain  the 

2H 

value  of  A  which  we  are  looking  for,  we  must  pick  a  line  in  which  the 
value  of  a  is  greater  than  4.239  by  approximately  0.100  (since  b6  is  in¬ 
cluded  in  formula  (2.105)  with  a  plus  sign,  and  ^<i.  with  a  minus  sign). 

2H 

We  select  a  line  in  which  a  =  4.3^,  and  we  calculate  Ai  -  4.369 
1.2926  -  ^  (0.403  +  0.2026)  =  4.<J01. 

2H 

We  have  obtained  A-j  <  A.  Now,  we  have  to  find  A^  >  A.  For  this 
purpose,  we  select  the  next  line  above  and  we  get:  A2  =  4.435  =  1.3396  -»■ 
0.18162  -  ^  (0.404  +  0.2076)  =  4.275.  Values  of  ^  t  ,  equal  to  0.72 
2H  ? 

and  0.70,  correspond  to  the  values  of  A-)  and  A2.  Prom  here,  we  find 
the  value  of  vMch  we  are  looking  for: 

=  0.70 +  0.02 ^*-^  =  0,7 12  and  >  =  0.712^  =  0,127. 
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10.  Llqulda  With  an  Intermediate  Viscosity  Value 
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Aa  can  be  seen  from  the  curve  shown  in  Figure  3,  the  sector  of 
the  6(5)  curve  in  the  interval  of  4*2^  5  <  10  cannot  be  used  for  cal¬ 
culating  Vf  first,  in  view  of  the  weak  dependence  of  6  on  v  near  the 
maxintum  (peak),  and  second,  in  view  of  the  insufficient  accuracy  of  the 
asymptotic  representation  of  Bessel  functions  when  5  <10. 

Thus,  the  calculations  described  above  cannot  be  linked  (tied) 
together.  The  above-mentioned  discrepancy  in  the  calculations,  upon 
which  the  calculation  of  the  kinematic  viscosity  is  based,  apparently 
is  of  no  practical  significance  in  view  of  the  considerations  listed 
below.  The  Intervals  within  which  the  viscosity  varies,  corresponding 
to  the  regions  0.4  <  5  ^  4.2  and  5  >  10,  are  quite  sufficient  for 
studying  the  vast  majority  of  homogenous  liquids,  which  are  character¬ 
ised  in  general  by  a  weak  ten;>erature  dependence  of  the  kinematic  vis¬ 
cosity.  In  case  of  a  strong  temperature  dependence  of  the  kinematic 
viscosity,  on  the  other  hand  (as  for  exan^le,  in  the  case  of  glycerine), 
the  region  where  a  discrepancy  occurs  is  sufficiently  narrow  and  the 
transition  from  values  of  5  ^  10  to  values  of  5  <  4.2  in  the  continuous 
process  of  viscosity  measurements  makes  it  possible  to  solve  in  a  re¬ 
liable  manner  the  problem  concerned  with  the  teiqperature  dependence  of 
the  kinematic  viscosity. 

However,  in  case  of  necessity,  it  is  possible  to  ret  up  calcula¬ 
tion  tables  also  for  the  region  of  discrepancy  of  4.2  <  5^  10.  We 
shall  briefly  point  the  method  used  for  solving  this  problem.  Let  us 
take  formula  (2.45)  and  let  us  plot  for  this  formula  the  graph  t£_  .  _ 

T(5),  using  the  same  assua9>tions  as  those  used  during  the  plotting  of 
the  graph  for  6(5).  Vie  have: 


+  _  \  L" 


^-1  =/(5). 


(2.107) 


This  value  la  presented  as  a  function  of  5  in  Figure  3. 

A  comparison  of  the  f(5)  curve  with  the  6(^)  curve  shows  that, 
precisely  In  the  region  where  6  is  not  greatly  dependent  upon  the  vis¬ 
cosity,  t2  .  exhiuits  a  sharply  expressed  dependence  upon  v. 

" 

^0 

As  was  pointed  out  above,  the  use  of  formula  (2.45)  is  connected 
with  the  assurance  that  N  is  Independent  of  the  load  (constancy  of  Tq 
at  a  given  K  and  various  loads  on  the  suspension  thread)  and  with  the 
measurement  of  Tq  over  the  entire  teiqjerature  range  in  which  the  vis¬ 
cosity  is  measured.  When  these  conditions  are  fulfilled,  the  utiliza¬ 
tion  of  formula  (2.45)  is  qidte  analogous  to  the  utilization  of  formula 
(2.42). 
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Let  us  represent  (2.107)  in  the  follovdng  form: 


*  ■”  o]  (2.108) 


and  let  us  perform  calculations  similar  to  those  which  were  performed 
in  connection  with  formula  (2.105).  As  a  result,  we  will  obtain  the 
following  relation: 


=/+«8+*8’+^(y+«). 


(2.109) 


The  factors  f,  g,  h,  j,  1  must  be  incorporated  into  a  table  similar  to 
Table  2;  the  drawing  of  such  a  table  represents  a  solution  of  the  prob¬ 
lem  concerning  the  setting  up  of  a  calculating  system  for  llqtilds  with 
an  intermediate  viscosity  of  4.2  <  5  ^  lO* 


11.  Evaluation  of  the  Role  Performed  by  Nonlinear  Terms 
in  the  Equation  Describing  the  Motion  of  the  Liquid 


It  was  pointed  out  in  #  2  that  the  assumption  of  an  annular  mo¬ 
tion  of  the  liquid  in  the  bucket,  as  a  resvilt  of  which  nonlinear  terms 
are  identically  converted  to  zero,  is  valid  in  case  of  small  angles  of 
the  torsional  oscillation  motion  of  the  suspension  system. 

Let  us  attempt  to  present  a  theoretical  evaluation  of  the  role 
played  by  nonlinear  terms  in  equation  (2.4) »  upon  which  the  theory  of 
the  method  is  based.  Let  us  write  an  equation  for  the  tangential 
velocity  V,  retaining  the  nonlinear  terms,  but  considering  at  the  same 
time  the  axial  symmetry  of  the  motion,  as  a  result  of  which  the  cp  derive* 
tlves  of  the  pressure  and  velocity  components  must  be  converted  to  zero: 


do  I  do  ,  do  I  0-0 


dr 


'dr 


I  ffHf  I  d^o  I  1  do 
1  r  dr 


(2.110) 


This  equation  differs  frcmi  (2.4)  in  that  it  contains,  in  its  left  side, 
a  sum  of  nonlinear  terms: 


0 


(2.111) 


In  order  to  evaluate  the  partial  derivatives  entering  into  the  composi¬ 
tion  of  6  and  the  ratio  v,  let  us  utilize  the  fact  that  the  flow  takes 

r 

place  in  a  layer  adjacent  to  the  wall,  having  a  thickness  of  the  order 
of  the  length  L  of  a  viscous  displacement  wave,  whereby  L  is  equal  to: 
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(2.112) 


Z.  =  2ii 


which  is  propagated  at  a  logarithmic  decrement  of  spatial  attenuation, 
equal  to  2n.  (Note:  See  #  6  of  this  chapter  and  reference  3  in  the 
bibliography  of  this  chapter.) 

The  expression  for  the  tangential  velocity  on  the  walls  of  the 
bucket  is  given  hy  the  boundary  conditions  (2.3)  and  (2.6),  and  during 
the  calculation  of  the  partial  derivatives,  it  can  be  assumed  that  the 
change  in  the  velocity  from  zero  to  its  value  on  the  wall  of  the  bucket 
takes  place  over  a  distance  equal  to  the  length  of  a  viscous  wave.  On 
this  basis,  hy  making  use  of  (2.3)  and  (2.6),  we  find: 


iV. 


/QRe-u 


4-v. 


iQre-^* 


lQre-*t 


I  ivrcr 

-+f,— T 


(2.113) 


By  substituting  R  for  r  in  the  right  side  (which  will  only  increase  the 
value  of  6),  and  after  introducing  the  designation: 


v'  =  /Q  Re-*<. 


we  arrive  at  the  e:)q>re8sion: 

e  «  -f 


(2.114) 


(2.113) 


However,  we  should  not  be  interested  in  the  value  6  itself,  but 
rather  in  its  relation  to  9v,  which  will  be  designated  as  9'.  We  get: 

5t 


dt 


(2.116) 


and  consequently: 


(2.117) 


By  calculating  the  product  Lk  with  the  aid  of  (2.112)  and  by  introducing 
the  parameter  y  according  to  (2.83),  the  latter  expression  can  be  re¬ 
written  as  follows: 


0' 


y3. 


(2.118) 
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It  is  natviral  to  assume  that  coiq)onents  and  have  the  same 
type  of  time  dependence  as  the  main  component  v.  Therefore,  we  can 
write: 

(2.119) 


where  Y  is  a  numerical  factor  (multiplier),  indicating  how  many  times 
the  initial  aiqplltvde  of  the  radial  (and  axial)  oscillations  is  smaller 
than  the  initial  amplitude  of  torsional  oscillations.  By  designating 
the  former  as  1q,  and  noting  that  the  latter,  according  to  (2.37),  is 
equal  to  o^R,  we  get: 

v  =  4l.  (2.120) 


After  Inserting  into  (2.118),  instead  of  Vj.  and  their  aiq)li- 
tude  values  according  to  (2.119)  and  (2.114)>  and  assuming  that  L  R, 
we  arrive  at  the  expression: 


(2.121) 


in  which,  in  turn,  we  shall  replace 
velocity  0  by  the  initial  amplitude 
making  use  of  the  obvious  relation: 


the  iid.tial  amplitude  of  the  angular 
of  the  angular  displacement 


2  = 


(2.122) 


after  which  we  shall  get: 

— i7Tr~- 


Since  measurements  are  always  Initiated  after 
initial  oscillations  (regular  regime),  we  can  assume 


a  certain  number  of 
that: 


3 

2  /2it 


«0,1 


(2.124) 


and  thus  we  obtain  the  following  estimated  expression: 

9 


(2.  *25) 
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or,  in  a  different  form: 


e 


(2.126) 


The  valuea  of  y,  listed  In  Table  1,  He  within  the  range  100  < 
y  <  3,500,  which  yields  the  following  range  for  0*  within  the  limits  of 
this  table: 


(2.127) 


Thus,  t^en  y  varies  within  the  limits  given  in  Table  1,  the 
variation  in  the  val\:e  of  6*  does  not  exceed  the  limits  of  one  order. 
For  this  reason,  one  can  be  certain  that  if,  at  a  certain  value  of  y 
within  the  limits  of  Table  1,  the  value  of  6'  will  be  very  small,  this 
value  will  not  Increase  under  any  other  value  of  y  used  in  viscosity 
measurement  tests. 

As  was  stated  above,  the  concept  of  an  annular  motion  of  the 
liquid  in  the  bucket  proves  to  be  valid  in  case  of  small  angles  of  tor¬ 
sional  oscillations  <  1.  It  can  be  seen  from  formula  (2.123)  that 
such  a  case  takes  place  naturally  on  the  basis  of  the  above  exai^nation 
of  nonlinear  terms.  We  can  note  that,  assuming  oA  0.1  (measured  in 
degrees  «  6°),  we  get  At  -  0  ly/  y  l.e.,  it  would  be  possible  to  as- 

V^O0* 


sume  that  even  when  Y*  «  remains  sufficiently  small  in  case  of  a 

maximum  value  of  y. 

Finally,  it  is  useful  to  recall  the  tests  performed  by  Townend 
and  Fudge  (3),  in  vdilch  it  was  established  that,  in  case  of  a  stationary 
flow  of  the  liquid,  ultramicroscopic  particles  in  the  boundary  layer 
move  along  a  trajectory  (path)  similar  to  a  sine  curve  (the  amplitude 
of  displacements  in  the  direction  of  a  normal  to  the  wall  was  of  the 
order  of  10**^  cm).  If  it  is  assumed  that  in  our  case,  is  of  the 
same  order  of  magnitude,  then  we  find  that  the  maximum  value  of  6' 

10~3  (assuming  that  R  «  1). 

In  summing  up  the  results  of  our  analysis  of  nonlineeu:  terms,  we 
can  note  that,  first,  when  the  components  Vj.  and  v^  are  strictly  equal 
to  zero,  the  ratio  6'  is  also  strictly  equal  to  zero.  Second,  the  vari¬ 
ation  of  6'  within  the  limits  of  Table  1,  in  case  v^.  and  V2  are  differ¬ 
ent  from  zero,  barely  exceeds  the  limits  of  one  order.  Third,  in  spite 
of  the  absence  of  direct  data  on  Vj.  and  V2,  indirect  considerations 
based  on  e:q>erlmental  observations  confirm  the  small  size  of  the  value 
O'  under  actual  viscosity  measurement  conditions.  An  estimate  of  the 
Reynolds  number,  described  in  0  ^  of  Chapter  III,  also  speaks  in  favor 
of  this  conclusion. 
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12,  Thickness  of  the  Liquid  Flow  (Stream) 

Adjacent  to  the  Wall  of  the  Bucket 

As  was  already  mentioned  above,  the  development  of  the  process 
involving  a  viscous  flow  of  the  liquid  in  the  bucket  takes  place  in  the 
layer  adjacent  to  the  wall  near  internal  surfaces.  The  thickness  of 
this  layer,  according  to  the  order  of  its  magnitude,  is  equal  to  the 
length  of  the  viscous  wave,  which  can  be  determined  by  means  of  formula 
(2,112).  One  can  easily  see  that  the  following  relationship  takes 
place: 

(2.128) 

Vy 

Vfhen  R  =  1  and  0,4  <  /y  ^  60  (possible  range  of  variation  of  y 
within  the  limits  of  the  methods  developed  for  calculating  the  viscosity), 
L  may  vary  within  the  range  0.15  <  22,  where  L  is  given  in  cm.  When 

the  radius  is  reduced  two  times,  the  lower  limit  of  L  will  be  equal  to 
0.07  cm. 

Thus  the  e:q)erlmental  possibilities  of  the  method  easily  allow 
the  realization  of  various  types  of  motion,  starting  with  flows  (cur¬ 
rents)  typical  for  wide  pipes  and  ending  with  flows  corresponding  to 
extremely  fine  (thin)  capillary  tubes. 

On  the  other  hand,  by  varying  the  initial  amplitude  of  torsional 
oscillations,  it  is  possible  to  vary  within  wide  limits  the  gradient  of 
the  tangential  velocity  in  the  vicinity  of  the  wall,  the  maximum  value 
of  which  is  expressed  by  the  formula: 

^  -  ^*0  r/T  ^  ^2.129) 

dr  L  yTn  ^  ^  ^ 

Obviously,  new  possibilities  are  opened  up  here  for  studying  the 
behavior  of  a  moving  (mobile)  liquid  near  the  boundary  of  a  solid  wall. 

In  case  of  large  gradients  of  the  tangentied  velocity,  when  an  extremely 
thin  layer  of  liquid  takes  part  in  the  flow  process,  the  thickness  of 
which  can  be  reduced  to  several  microns  (by  exceeding  the  limits  of 
y  >  3,300,  as  a  result  of  the  application  of  forced  oscillations),  the 
possibility  that  a  boundary  slide  (slip)  may  arise  is  not  excluded. 

The  correct  n>iture  of  the  consideration  of  such  a  problem  in  regard  to 
colloids  is  generally  beyond  douot,  following  the  work  done  by  D.  M. 
Tolstoy,  who  has  demonstrated  the  existence  of  a  boundary  slide  (slip) 
during  the  flow  of  a  colloid  liquid  through  capillaries,  and  who  has 
given  a  number  of  interesting  theoretical  calculations  related  to  this 
problem  (6). 

In  the  absence  of  wetting,  such  a  slip  under  appropriate  condi¬ 
tions  appears  to  be  quite  probable  also  in  case  of  uniform  (homophase) 
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liquids.  If  we  attempt  to  explain  this  idea  by  using  model  terminology, 
we  can  make  the  following  statements.  In  the  absence  of  vetting,  the 
liquid  moves  together  with  the  wall  as  a  result  of  the  existence  of  an 
interaction  similar  to  dry  friction.  If  the  molecular  friction  forces 
in  the  liquid,  proportional  to  the  velocity  gradient,  are  small,  then 
the  boundary  layer  of  the  liquid  is  restrained  (held  back)  by  the  wall. 
In  case  of  large  velocity  gradients,  the  molecular  friction  forces  can 
exceed  the  forces  of  wdry"  friction  on  the  wadi,  as  a  result  of  which 
a  discontinuity  of  the  motion  characteristics  at  the  liquid-wall  bound¬ 
ary  will  take  place  at  the  given  motion  velocity.  Probably,  in  the 
presence  of  wetting,  a  slip  (slide)  of  the  moving  liquid  in  relation 
to  the  wall  is  Impossible  in  view  of  the  high  molecular  adhesive  power 
between  the  wall  and  the  liquid. 

An  Increase  in  the  oscillation  frequency  also  opens  up  new  pos¬ 
sibilities  for  studying  the  viscous  properties  of  a  thin  boundary  layer 
of  the  liquid,  including  those  of  a  svirface  film  on  the  liquid. 

A  study  of  the  problems  mentioned  above  is  of  great  interest 
both  from  the  standpoint  of  molecular  physics  and  hydrodynamics.  How¬ 
ever,  a  more  detailed  examination  of  these  problems  lies  beyond  the 
scope  of  the  various  problems  which  are  directly  connected  with  the 
clarification  of  viscous  properties  of  metallic  liquids. 

13»  Conclusion  on  the  General  Theory  of  the  Method 

The  experimental  method  for  measuring  the  viscosity  of  liquids, 
based  on  the  observation  of  the  torsional  oscillations  of  a  cylindrical 
bucket  filled  with  the  liquid  being  tested,  the  theory  of  which  has  been 
presented  above,  allows  us  (aided  by  several  formulas  and  i tables)  to 
cover  a  thousandfold  change  in  the  viscosity  by  means  of  one  series  of 
measurements  performed  on  a  single  instiounent.  The  basic  parameter  of 
this  method  is  the  value: 


If  ^  >  10,  then  the  viscosity  is  calculated  by  means  of  formulas  (2.82) 
and  (2.89)  with  the  aid  of  Table  1  or  Figure  2,  whereby  the  approximate 
value  of  the  viscosity  is  determined  by  means  of  formula  (2.82)  when 
0=1.  For  the  region  where  ^  <4.2,  in  which  a  change  in  the  attenua¬ 
tion  decrement  with  a  change  in  viscosity  has  a  reverse  character  to  a 
change  in  the  period,  the  viscosity  is  calculated  by  means  of  formula 
(2.105)  with  the  aid  of  Table  2  (when  1.2  <  ^  <  4.2)  and  equations 
(2.99)  and  (2.100)  (when  5  <  1*2),  when  the  approximate  value  of  the 
^scosity  V*  is  determined  by  means  of  the  same  equation  (2.99),  in 
case  0=1. 
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In  the  region  where  4,2  <  5  <  10,  no  calculating  system  for 
processing  direct  experimental  results  has  been  developed,  since  no 
practical  need  for  such  a  system  has  arisen  so  far. 
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Chapter  III 

Theory  of  the  Method  (Continued) 

1.  Plotting  of  6(g)  and  f(g)  Curves 

_  Let  us  consider  in  greater  detail  the  problem  of  plotting  the 
6(1^)  and  f(^)  curves  shown  in  Figure  3.  Vfe  shall  start  with  expression 
(2.93)  for  6(^),  which  we  shall  rewrite  in  the  following  form: 

8(5)  = 
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where: 

j,-  yyMiVj)  (3.2) 

iJtiiVD 

Expression  (2.107)  for  the  function: 

4— 1=/(E)  (3-3) 

will  be  written  by  us  as  follows: 

/(£)  =  “  Im  (I). 

3y  making  use  of  (2.92)  and  adopting  the  same  conditions  under  which 
(2.93)  or  (3.1)  were  obtained,  equation  (3.3)  can  be  represented  in  the 
following  form: 

The  argument  of  Bessel  functions  will  be  written  by  us  in  a  trigono> 
metric  form: 

«K7  =  -^(H-0=fe'i  (3.5) 

and  then  F  will  assume  the  following  appearance: 

V IMU  *)  (3.6) 

*7 

*) 

Let  us  assume  that: 

=  (3.7) 

yj(5s*T)=C  +  /D,  (3.8) 
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With  t^e  aid  of  these  expressions,  F  can  be  written  as  follows: 


„  //  [AC  +  BD-\-t(BC-AD)] 

^““1“  Ca  +  Da 


and  by  replacing: 


i±l 

V2  ’ 


we  shall  finally  find  the  following  formula: 


p  _  !+_/  [(AC  +  flP)  +  /  (BC  -  AD)] 

V  2  5(Ca+£)*) 

From  here: 


AC BD  -  BC AD 
/2  5(Ca  +  D») 


Im  (F)  = 


1 

V2 


AC +  BD  +  BC  — AD 

5(Ca  +  Da) 


(3.9) 

(3.10) 

(3.11) 

(3.12) 

(3.13) 


Qy  substituting  the  expressions  for  Re(F)  and  Im(F)  found  in  this 
manner  into  (3.1)  and  (3.4),  ue  shall  obtain  6^)  and  f(0.  A,  B,  C 
and  D  are  listed  in  tables  as  functions  of  ^  (1). 

The  graphs  shorn  in  Figure  3  represent  an  image  of  the  functions 
found  in  this  maxmer  on  a  relative  scale,  designated  as  6(^)  ard  f(i^), 
when  the  maximum  values  of  6(4.3)  and  f(0)  are  adopted  as  luiity. 

We  will  also  be  interested  in  an  asymptotic  representation  for 
f(^),  which  can  be  used  in  case  of  high  ^  values.  In  this  case,  ac¬ 
cording  to  (2.66)  and  (3*2),  we  will  obtain  the  following  formula: 


F  = 


Vi  f  1 

5  l2€  // 


(3.14) 


from  where: 


Ini(F)=- 


1 

/25  ’ 


axvd  consequently: 


/(5)  = 


2MR* 

K 


_1 _ 

?  /2’ 


(3.15) 


(3.16) 
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In  order  to  coordinate  the  numerical  values  of  f(^)  with  Figure  3,  we 
shall  write: 


/(!)  =  £. /(5).  (3.17) 

where. the  constant  E  depends  upon  the  scale  of  the  d£awing  and  is  de¬ 
termined  as  a  result  of  the  combination  of  f(^)  and  f(^)  at  the  point 
where  5=10: 

- L=  =£.0,277.  (3*18) 

K  10  Y  2 

Conseqiiently: 


0,256. 


(3.19) 


Thus I  we  have: 


/({)=  0,256/(5). 

(3.20) 

Let  us  examine  the  asymptotic  expression  for  6(5). 
we  will  find: 

From  (3.14)» 

(3.21) 

and  by  substitution  into  (3.1))  we  will  get: 

a  2xAf^  1  r  1  3  1 

*<•>=-!?—«  [,^2  aj- 

v3.22) 

By  coaqparing  it  %iith  (3.16),  we  can  see  that  the  last  expression 
can  be  written  in  the  following  form: 

8e)  =  */(5)[«-:^]. 

(3.23) 

In  order  to  coordinate  the  numerical  values  of  6(5) 
ordinates  of  the  graph  (Flgxire  3))  we  shall  write: 

with  the 

8(5)  =  0.5(E). 

(3.24) 
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where  the  constant  G  depends  upon  the  scale  of  the  drawing  and  is  de¬ 
termined  from  the  combination  of  6(^)  and  6(^)  at  the  point  where 
^  -  10.  Consequently: 


2nMR»  1  r  1 

K  *  10  [  /2  20j - ^ 


0,056  =  0  •  0,65. 


(3.25) 


From  here: 


G  =  0.086 . 


~ir‘ 


(3.26) 


and  finally: 

8(5)  =  ^  0.0868(1).  ^3.27) 

Formulas  (3.20)  and  (3.27)  may  be  used  in  making  a  rough  esti¬ 
mate  of  the  oscillation  period  and  attenuation  decrement  of  the  sus¬ 
pension  system. 


2.  Ranee  of  Variations  in  the  Viscosity 
Which  Can  Be  Investieated 

Let  us  determine  the  maximum  range  of  variations  in  the  kinematic 
viscosity  which  may  be  investigated  with  one  instrument  in  a  continuous 
experiment  by  using  the  calculating  system  of  the  theory  developed  above 
(Tables  1  and  2  with  the  corresponding  formulas,  and  formula  (2.99))* 

The  maximum  value  of  y,  listed  in  Table  1,  is  equal  to  y^^  =  3,300 
(^^  =:  59).  As  a  minimum  value  of  y,  up  to  which  it  is  possible  to  con¬ 
duct  measurements,  we  shall  adopt  a  value  corresponding  to  =  0.4, 
y^  ~  0.16.  Consequently,  the  values  of  y  will  lie  within  the 

range: 

yh<y<ya’  (3.28) 

According  to  formula  (2.85),  corresponding  to  the  inequation  (3*28), 
the  range  of  variations  in  the  kinematic  viscosity  will  be  determined 
hy  the  Inequation: 


'oFo 


'eye  ’ 


(3.29) 


or,  by  adopting  the  minimum  vedue  of  the  kinematic  viscosity  as  unity, 
this  inequation  can  be  written  in  relative  units  as  follows: 
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1 


(3.30) 


From  formula  (3.3) «  we  get: 

t=l^H:7wv 


(3.31) 


Consequently,  (3.30)  can  be  rewritten  as  follows: 

(3*32) 

Assviming,  as  was  stated_above,  that  y.  =  3,500  and  yb  =  0.16,  and  se¬ 
lecting  from  the  graph  f(^b)  ^  ^  from  expression  (3.16): 


/(g  =  0.012 


2Af^ 
K  ’ 


(3.33) 


we  find: 


lA  1+0,012.?^ 

1+ 0.256 


3500 
0,16  • 


The  two  extreme  cases  occurring  here: 

0.256  I 


and: 

0,012 


(3.34) 


(3.35) 

(3.36) 


lead  to  the  inequations: 

1  <v<22000 

(3.37) 

and 

l<v<4750. 

(3.38) 

Thus,  the  range  of  variations  in  the  viscosity,  which  can  be 
measured  on  one  instrument,  is  determined  in  a  continuous  experiment 
by  the  value  of  the  expression  2MR2« 

K 
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The  following  range  of  variations  in  the  kinematic  viscosity 
corresponds  to  the  intermediate  region  where  10: 


2ic 


/l+/(10)to.lOO 


v<;?a 


2ir 


y'l+/(4.2)xo*18 


(3.39) 


ori  when  expressed  in  the  previous  relative  units: 

/l+/(59).3500  /l+/(59).3500  (3.4O) 

/1+/(10)-100  /14./(4.2).18  ■ 


By  substituting  numerical  values  of  f,  we  get: 

1+0.012-^  1+0.012-^^ 

^  ^  .  35  <  V  <  .  194. 

1 +0.166 


(3.41) 


In  the  approximation  of  (3.35) >  for  the  interojedi^te  region  not  being 
calculated)  we  have: 

35<v<  194  (3.42) 

and  in  the  approximation  of  (3.36): 

14<v<52.  (3.43) 


Naturally)  all  this  calculation  has  an  approximate  character) 
since  it  does  not  take  into  account  the  friction  on  the  bottom  and  lid 
of  the  bucket. 

In  view  of  the  fact  that  the  above  calculation  was  performed  in 
relative  units  (the  viscosity)  corresponding  to  a  value  of  y  =  3)500, 
was  adopted  as  unity))  this  calculation  obviously  refers  merely  to 
this  particular  Instrument.  For  this  reason,  the  kinematic  viscosity 
values  corresponding  to  each  of  the  three  regions  may  vary  within  a 
wide  range,  if  the  parameters  of  the  suspension  system,  R,  tq,  and  K, 
are  varied  accordingly. 

During  the  study  of  liquids,  the  viscosity  of  which  varies  with 
the  temperature  several  score  of  thousands  of  times,  the  intermediate 
region  cannot  play  a  significant  role  in  view  of  the  fact  that  it  is 
relatively  narrow.  If,  however,  the  kinematic  viscosity  changes  slowly 
with  the  temperatiu'e,  as  is  the  case  for  the  majority  of  metals,  it  is 
not  difficult  to  select  the  parameters  of  the  unit  in  such  a  way  as  to 
avoid  this  region. 

By  using  the  torsional-oscillation  method,  one  can  observe  how, 
during  the  process  of  a  uniform  change  in  the  viscosity,  the  attenuation 
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decrement  of  the  suspension  system  travels  (passes)  through  a  maximum. 
The  theory  of  the  method  makes  it  possible  to  calculate  the  viscosity 
both  on  the  ascending  and  descending  (rising  and  falling)  branches  of 
the  decrement  curve,  but  of  course  with  the  aid  of  different  mathe¬ 
matical  relations  which  were  mentioned  above. 


3.  Height  to  Which  the  Bucket  Can  Be  Filled  With  Uouid 


According  to  the  first  approximation  for  the  friction  function, 
inequation  (2.31)  must  take  place,  which,  after  multiplication  by  R  of 
the  right  and  leK  side  with  the  aid  of  (2.47)  and  introduction  of 
according  to  equation  (2.94),  can  be  rewritten  in  the  following  form: 


s/2 


(3.U) 


where: 


*n  = 


(3.45) 


represent  the  roots  of  the  characteristic  equation  (2.19)v  Obviously, 
the  right  side  of  (3.44)  exhibits  a  maximum  value  at  a  minimum  of  the 
following  function: 


T(S)=/  +  + 


(3.46) 


The  solution  of  the  corresponding  extreme  problem,  involving  a 
discarding  of  members  of  the  order  of  ^6^2  in  comparison  with  unity, 

TT 

leads  to  the  result: 


5*  I 


(3.47) 


After  substituting  (3.47)  into  (3.46),  we  get: 

=  (3-48) 


Consequently,  the  maximum  value  of  the  right  side  of  inequation  (3.44) 
is  equal  to  Thus,  (3*44)  will  be  fulfilled  if: 


(3.49) 
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The  values  of  increase  as  n  Increases^  and  the  first  of  these 
values  is  equal  to  3.83  (see  in  the  table  the  values  of  roots  of  Bessel 
functions).  Therefore)  if  inequation  (3.49)  is  fulfilled  in  case  of  x-j, 
it  is  also  fulfilled  in  case  of  any  values  of  n  >  1.  Consequently,  the 
condition  of  a  first  approximation  for  the  friction  function  (2.50)  will 
be  fulfilled,  if: 


s 

^  3,83' 


(3.50) 


By  adopting  the  extremely  strict  (rigid)  requirement  s  =  5>  we 
will  get  the  following  condition  for  the  total  height  2H  of  the  liquid 
colurr.  ,i;.  the  bucket: 


2/y>2,6/?.  (3.51) 

the  fulfillment  of  which  will  guarantee  a  total  attenuation  (danqping) 
of  viscous  waves  during  their  propagation  from  the  bottom  to  the  lid  of 
the  bucket  (and  in  the  opposite  direction).  Let  us  recall  that,  accord¬ 
ing  to  #  5  in  Chapter  II,  the  equality  th9j^H  =  1  in  this  case  proves  to 
be  true  (correct)  with  an  accuracy  of  up  to  10"4,  euid  the  presence  of  a 
free  surface,  or  the  contact  of  this  surface  with  the  lid  of  the  bucket, 
is  taken  into  account  by  doubling  the  corresponding  factor  in  the  ex¬ 
pressions  used  during  the  calculation  of  the  viscosity  (see  formulas 
(2.89),  (2.100),  (2.105)  and  (2.109)  in  #  6  of  Chapter  II). 

By  adopting  s  =  3.5»  we  will  get: 

2/y>1.85«.  (3.52) 

and  the  equality  th^H  ==  1  will  then  be  fulfilled  with  an  accuracy  of 
up  to  lO'^^  while  the  amplitudes  of  viscous  waves  in  the  medium  plane 
of  the  bucket  (half-way  of  the  total  height)  will  be  equal  to  0.02  of 
these  values  at  the  bottom  and  on  the  lid  of  the  bucket.  In  case  of 
such  an  assumption,  the  structure  of  the  formulas  Just  mentioned  will, 
naturally,  not  be  disturbed  (violated),  since  it  is  obvious  that  vis¬ 
cous  waves,  propagated  from  the  bottom  and  from  the  lid,  will  not  be 
able  to  affect  the  distribution  of  velocities  near  the  opposite  sur¬ 
faces.  Therefore,  Inequation  (3.52)  can  be  considered  sufficient 
(satisfactory?)  from  an  experimental  standpoint. 

4.  Sensitivity  of  the  Instrument  to  Viscosity  Changes 

By  disregarding  the  term  containing  6q  in  equations  (2.82)  and 
(2.99),  and  taking  the  logarithmic  derivative,  it  is  easy  to  obtain  the 
following  relations: 
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Aft  * 

Ao^^  — 


for  low-viscosity  liqtiids,  and: 


(3.53) 


(3.54) 


for  small  values  of  ^  in  the  field  of  high-viscosity  liquids. 

Since  in  the  first  and  third  regions  (see  Note)  of  Figure  3,  the 
character  of  the  dependence  between  the  decrement  and  the  viscosity  is 
identicali  it  is  possible  to  state  that  the  dependence  of  the  attenua¬ 
tion  decrement  upon  the  viscosity  is  the  greater,  the  higher  the 
val\;te  of  this  decrement  at  the  given  viscosity  (Note:  Further  in  the 
text,  for  the  sake  of  brevity,  we  shall  use  the  terms  "first,  second 
and  third  regions,"  respectively,  to  designate  the  regions  of  low- 
viscosity,  hlgh-vlscosity  and  intermediate  viscosity  liquids  according 
to  Figure  3). 

Let  us  designate  as  sensitivity  of  the  \mit  the  factor  adjacent 
to  4y  in  formulas  (3*53)  and  (3.54);  this  factor  is  equal  to  ^6  in  the 
V 

first  region  and  6  in  the  second  region  (in  case  of  small  ^  values). 

This  means  that  a  change  in  viscosity  of  1^  causes  a  change  in  the  de¬ 
crement  of  1/200  6  in  the  first  ease,  and  a  chaise  of  1/100  6  in  the 
second  case*  Since  6  usually  does  not  exceed  several  decimal  fractions, 
it  is  apparent  that  special  attention  should  be  given  to  a  careful  meas¬ 
urement  of  decrements  during  the  course  of  an  experimental  determina¬ 
tion  of  the  viscosity. 

A  different  and  more  general  approach  can  be  used  in  analyzing 
the  sensitivity  of  the  uidt.  By  assu^ng  that  6  is  a  complex  function 
^Zl(yl7>  following  formula  can  be  easily  obtained  with  the  aid  of 
expression  (2.94) : 


as 


(3.55) 


and,  consequently,  the  sensitivity  e(^)  of  the  unit,  i.e.,  the  magnitude 
of  the  change  in  the  decrement  in  case  of  a  change  in  the  viscosity  of 
1$,  will  be  determined  relation: 


(3.56) 


According  to  formula  (3.27): 
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itt  2ttMR» 
Since : 


0,086 


(3.57) 


.2)  = 


2kMP* 


•  0,086  = 


(3.58) 


represents  the.maximum  value  of  the  decrement,  corresponding  to  the 
vertex  of  the  6(j®)  curve,  where  6=1,  the  expression  for  the  sensi¬ 
tivity  can  be  written  as  follows: 


(3.59) 


The  derivative  d6(t)  is  selected  directly  from  the  curve  shown  in 
Figure  3. 

Let  us  assume,  for  example,  that  =  0.4CX).  Let  us  find_the 
sensitivity  at  the  point  where ^  =  10.  From  the  graph,  we  get  d6(10l  . 

-  0.06,  axKl  from  here  e(10)  ««  0.1.  Consequently: 


Ao 


(3.60) 


in  viscosity  of  1^  results  in  a  change  in  the  decrement 

medium  portion  of  the  second  region  in  Figure  3»  we  find 
and  therefore  in  the  point  where  5=2,  the  sensitivity 

consequently,  when  the  viscosity  changes  by  I56,  the  de¬ 
crement  will  vary  by  the  value  a6  «  -  0.0016. 

The  above  calculations  show  that  decrements  should  be  determined 
with  an  accuracy  of  up  to  the  third  or  fourth  significant  digit. 

_Ffom  the  appearance  of  the  curve  shown  in  Figvire  3)  it  follows 
that  ^  undergoes  a  chax^ge  opposite  to  that  of  5f  so  that  their  product 
d 


i.e.,  a  change 
of  0.001. 

_For  the 
that  d6 

d! 

e(2)  ft,  -  0.16; 


0.4, 


can  be  considered  as  a  value  which  does  not  vary  to  a  great  extent.  For 
this  reason,  the  sensitivity  is  determined  mainly  by  the  value  of  6^^. 

Nevertheless,  this  does  not  mean  that  one  should  strive  to  secure 
the  highest  possible  values  for  the  attenuation  decrement.  A  twofold 
reduction  of  will  also  result  in  a  decrease  of  the  sensitivity  Ijy  ap¬ 
proximately  two  times.  Therefore,  in  order  to  detect  a  change  in  vis¬ 
cosity  of  1%,  it  will  be  necessary  to  secvire  an  accuracy  in  the  deter¬ 
mination  of  the  decrement,  equal,  for  example,  to  0.001,  instead  of  the 
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previously  required  accuracy  of  0.002.  In  regard  to  experimental  dif¬ 
ficulties,  these  two  cases  are  equivalent.  However,  in  the  second  case, 
vdien  the  decrement  is  two  times  smaller,  the  system  will  be  present  in 
a  state  of  oscillation  for  a  considerably  longer  period  of  time,  will 
perform  a  greater  number  of  oscillations,  and  will  undoubtedly  assume 
the  state  of  a  regular  regime.  Under  these  conditions,  one  can  be  cer¬ 
tain  that  the  decrement  is  really  measured  in  a  regular  oscillation 
regime,  and  that  this  decrement  is  not  distorted  under  the  action  of 
the  Initial  state.  In  the  first  case,  however,  when  the  attenuation 
decrement  is  twice  as  high,  the  oscillations  of  the  system  will  be 
daiqped  much  more  rapidly,  and  the  system  will  be  able  to  perform  such 
a  small  number  of  oscillations  until  it  comes  to  a  complete  rest,  that 
it  will  be  necessary  to  Introduce  the  first  or  second  deviation  of  the 
system  from  an  equilibrium  state  into  the  calcxilatlon  of  the  decrement. 
It  is  clear  that  the  decrement  values  measured  in  this  case  can  be  dis¬ 
torted  under  the  Influence  of  the  initial  state. 

In  practice,  it  should  be  possible  to  skip  four  or  five  oscilla¬ 
tions  of  the  system,  and  then  to  have  a  sufficient  nximber  of  oscilla¬ 
tions  available  for  a  reliable  determination  of  the  decrement. 

5.  Condition  Specifying  the  Absence  of  Turbulence 

During  the  course  of  measurements,  no  turbulent  movements  should 
arise  in  the  liquid,  vdiich  are  caused  1:^  torsional  oscillations  of  the 
bucket.  In  order  to  estimate  the  appropriate  condition,  let  us  calcu¬ 
late  the  initial  (maximum)  amplitude  of  the  angular  velocity  of  the 
liquid  in  the  bucket  in  relation  to  a  fixed  coordinate  system. 

By  designating,  as  was  done  previously,  the  angular  displacement 
of  the  bucket  as  o',  we  get: 

a'  =  cos  qt  (3.61 ) 

from  which  the  initial  amplitude  vq  of  the  linear  velocity  of  liquid 
particles,  adhering  to  the  surface  of  the  bucket,  can  be  expressed  as 
follows: 


= «•«  = .{«?(*•+ 1). 

or,  with  an  accuracy  of  up  to  x^: 
2nai/i 


(3.62) 


(3.63) 


By  adopting  in  the  Reynolds  parameter,  as  a  characteristic  dimen¬ 
sion,  the  length  of  a  viscous  displacement  wave  L  2  yrvT  (see  Note), 
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and  by  designating  the  critical  value  of  the  Reynolds  parameter  at 
which' a  turbulence  arises  as  Re^p,  we  get  the  following  inequation: 


(3.64) 


(Note:  In  the  same  way  as  in  the  case 
See  reference  3  in  the  bibliography  of 
Ry  Introducing  again  the  parameter  y  = 


Re 


CT 


0  o-.ysT 


2*/2y* 


of  a  plane  temperature  wave. 
Chapter  II,) 
r2  we  get: 

TV 

(3.65) 


An  evaluation  of  the  critical  value  of  the  Reynolds  number  is 
difficult  in  our  case;  however,  we  can  adopt  as  Re^j.  a  number  correspond¬ 
ing  to  the  axLal  flow  along  a  pipe.  In  this  case,  the  latter  Inequation 
will  assxune  the  folloi/ing  appearance: 


1000 

2Ky‘2y  * 


(3.66) 


This  condition  makes  it  possible  to  estimate  the  initial  angular  dis¬ 
placement  of  the  bucket,  at  which  the  absence  of  any  turbulence  will  be 
guaranteed.  It  was  found  that,  even  in  case  of  very  high  y  values 
("'AiCXX)),  the  Initial  amplitude  may  amount  to  several  radians  and  that 
a  turbulence  does  not  arise  in  this  case. 


6.  Value  of  the  Initial  Amplitude 

The  aiqjlitudes  of  the  oscillations  of  the  bucket  must  be  small, 
prom  the  motion  equation  (2.30),  we  can  see  that  this  condition  is  con¬ 
nected,  specifically,  with  the  maintenance  of  a  proportionality  of  the 
restoring  elastic  moment  and  the  deformation  of  the  wire.  In  other 
words,  the  deformation  of  the  suspension  wire  during  torsion  must  lie 
in  the  region  of  Hooke's  law.  This  fact  determines  the  condition  which 
the  wire  material  must  fulfill.  If  we  designate  the  length  of  the  wire 
as  It  and  its  diameter  as  d,  then  the  maximum  value  of  the  relative  de- 
forsmtlon  q)  during  the  course  of  oscillations: 

(3.67) 

2/ 


should  not  lie  outside  the  scope  of  Hooke's  law. 

Naturally,  it  is  not  difficult  to  examine  the  problem  of  oscil¬ 
lations  of  the  bucket  in  case  of  a  quadratic  dependence  between  the 
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force  and  the  deformation,  especially  if  we  take  into  account  the  ob¬ 
vious  small  value  of  the  corresponding  correction,  although  this  is  not 
indispensable. 

It  is  more  correct  to  simply  check,  on  the  assembled  instniment 
filled  with  the  llqvdd,  the  independence  of  the  attenuation  decrement 
from  the  amplitude.  By  means  of  such  a  check,  it  is  also  possible  to 
establish  other  possible  sotirces  of  deviation  from  the  theory  of  the 
method,  according  to  which  there  must  be  an  independence  of  the  decre¬ 
ment  from  the  amplitude,  provided  the  viscosity  factor  itself  remains 
constant  during  the  oscillation  process. 

7.  Conditions  Causing  the  Appearance  of  Convection  Inside  the  Bucket 

During  the  measurement  of  the  tenperature  dependence  of  the  vis¬ 
cosity,  convective  drifts  may  arise  in  the  liquid,  which  are  caused  by 
a  nonuniformity  of  the  temperature  field. 

If  the  convection  has  a  laminar  character,  then  only  additional 
components  of  the  velocities  v^  and  may  show  up  in  the  hydrodynamic 

equations.  It  can  be  easily  seen  that  the  moments  of  friction  caused 
by  these  velocities  cannot  affect  the  torsional-oscillation  motion  of 
the  bucket,  since  the  attenviation  decrement  is  determined  only  by  the 
coiq}onent  of  velocity  v,  which  remains  constant  during  the  appearance 
of  a  laminar  convective  drift. 

Two  different  types  of  experiments  were  set  up  in  order  to  con¬ 
firm  this  fact.  In  the  first  group  of  tests,  the  liquid  was  heated  at 
a  noticeable  speed.  In  coinparing  the  decrement  values  obtained  in  this 
manner  with  the  values  found  during  a  stationary  thermal  state,  it  was 
found  that  the  former  are  characterized  by  a  greater  random  error,  but, 
in  regard  to  the  general  temperature  dependence,  can  be  fitted  well  on 
the  curve  obtained  during  measurements  in  a  stationary  thermal  state. 

The  second  group  of  experiments  consisted  in  placing  a  small  bucket 
filled  with  fused  metal  in  different  zones  of  a  long  tubular  furnace, 
characterized  by  a  different  value  of  the  axial  temperature  gradient. 

In  all  cases,  measurements  were  performed  during  a  stationary  thermal 
state.  It  was  found  in  this  case  that  the  value  cmd  tenperatvire  de¬ 
pendence  of  the  decrement  remained  constant. 

Thus,  the  absence  of  an  effect  of  a  laminar  convective  drift  on 
the  value  of  the  attenuation  decrement  of  oscillations  can  be  con¬ 
sidered  as  an  experimentally  established  fact. 

However,  it  is  possible  to  assume  that  a  turbulent  convective 
drift  is  capable  of  causing  a  change  in  the  value  of  the  decrement. 

For  this  reason,  one  should  strive  to  achieve  a  maximum  uniformity  of 
the  temperature  field  through  the  entire  mass  of  the  liquid  being 
tested. 

Conditions  for  the  appearance  of  convection  in  a  metallic  liquid 
are  extremely  favorable.  In  the  theory  dealing  with  heat  exchange,  free 
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convection  is  usually  characterized  as  the  product  of  Prandtl's  parame¬ 
ter: 


Pr  = 


(3.68) 


where  k  is  the  thermal  diffusivity  of  the  liquid,  and  Grashoff's  parame* 
ter 

Gr  (3.69) 

where  g  is  the  gravity  acceleration,  Z  is  the  characteristic  size,  AT 
is  the  characteristic  tenperature  difference,  and  3  is  the  volume  coef¬ 
ficient  of  thermal  expansion,  i.e.,  the  free  convection  is  described  by 
the  following  parameter: 

P,.o,=ii!|«:=5.  o-w) 

k'* 


Here,  only  the  following  value  is  determined  by  the  properties  of  the 
liquid : 


JL 

'*k 


=  S'. 


(3.71) 


In  case  of  fused  metals,  8  r;  10‘^.  The  product  vk  decreases  with  the 
tei^)erature«  No  experimental  data  on  the  thermal  diffusivity  of  metal¬ 
lic  liqviids  are  available.  Therefore,  we  shall  use  values  of  k  in  the 
solid  phase  in  the  vicinity  of  the  melting  point  (2).  Vto  can  adopt 
k  iMT  10~^.  As  the  kinematic  viscosity  of  fused  metals,  we  can  use  the 
value  V  ft;  10”3,  From  here,  we  get: 


S' 


1. 


(3.72) 


It  should  be  noted  that  Prandtl's  parameter  for  nMtallic  liquids  is 
approximately  100  times  smaller  than  for  air,  and  is  of  the  order  of 
10“2, 

Thus,  the  expression  for  S  in  case  of  metallic  liquids  can  be 
written  in  the  form: 


(3.73) 

If  Z  is  assumed  to  represent  the  height  of  a  liquid  cylinder  in  the 
bucket  {I  =  2H),  and  AT  the  temperature  difference  corresponding  to 
this  height,  then  the  latter  expression  can  be  written  as  follows: 
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5«io*/y»Ar,  (3.74) 

or  finally,  by  assuming,  as  Is  done  in  most  tests,  that  H  i%!  1,  we  get 
as  a  final  result: 

5«10*<Ar.  (3.75) 

This  result  indicates  the  extremely  favorable  coalitions  for  the  ap¬ 
pearance  of  convection  in  a  metallic  liquid  filling  up  the  bucket,  and 
consequently,  the  necessity  of  securing  to  a  maximum  possible  extent  a 
uniform  temperature  field  in  the  working  portion  of  the  furnace. 

An  overheating  of  the  upper  lid  of  the  bucket  in  relation  to  the 
temperature  at  the  bottom  of  the  bucket  constitutes  a  natural  obstacle 
for  the  appearance  of  convection.  Such  an  overheating  should  always  be 
provided  during  viscosity  measurements  of  metals,  especially  in  view  of 
the  fact  that  this  measure  is  required  in  order  to  avoid  the  condensa¬ 
tion  of  metal  on  the  lid  of  the  crucible  when  working  in  a  high  vacuum 
(see  #  12  of  this  chapter). 

8.  Influence  of  an  Off-Centering  of  the  Suspension  Device 

The  calculations  upon  which  the  theory  of  the  method  is  based 
have  been  made  in  the  assumption  that  the  thread  of  the  suspension  de¬ 
vice  coincides  strictly  with  the  axis  of  the  bucket.  However,  vA:en  the 
suspension  system  is  assembled,  it  is  possible  that  the  point  where  the 
thread  of  the  suspension  device  is  attached  to  the  bucket  is  shifted 
in  relation  to  the  bucket  axis.  Such  a  position  will  be  designated  by 
us  briefly  as  off-centering,  and  the  value  of  the  shift  dR  will  be 
adopted  as  its  quantitative  characteristic. 

The  theoretical  calculation  of  the  effect  exerted  by  an  off- 
centering  on  the  value  of  the  logarithmic  attenuation  decrement  and  the 
oscillation  period  appears  to  be  very  difficult.  For  this  reason,  spe¬ 
cial  tests  were  set  up  for  a  quantitative  determination  of  this  effect. 

The  study  was  conducted  with  a  bucket  having  an  internal  diameter 
R  ft;  1  cm,  containing  mercury  filled  to  a  height  of  2H  =  4  cm  (test  No.  1) 
and  2H  =  2  cm  (test  No.  2);  in  addition,  a  light  metal  disk  was  attached 
to  the  bucket  in  test  No.  1  in  order  to  increase  the  oscillation  period 
of  the  suspension  system. 

The  values  of  the  attenuation  decrement  6  and  of  the  oscillation 
period  T  were  expressed  approximately  by  the  following  figures:  in  test 
No.  1,  6ft;  0.2  and  t  ft;  2.5  sec,  in  test  No.  2,  6  ft  0.4  and  t  ft  1  sec. 

The  results  obtained  during  these  tests  are  shown  in  Figure  4. 

The  logarithmic  attenuation  decrement  and  the  oscillation  period, 
in  case  of  a  relative  off-centering  are  designated  as 

R  R 
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respectively.  Along  the  ordinate  axis,  the  values  6(M) 

I-  £i—  =  cp 


are  plotted  in  percent,  and  refer  to  the  first  and  second 
=  4, 


tests  (marked  by  corresponding  symbols) : 

The  value  of  the  off-centering  AR-  in  an  accurately  designed  in- 
stznuoent  must  not  exceed  several  decimal  fractions  of  a  millimeter,  i.e., 
AR  should  hardly  exceed  3^* 

R 

From  Figure  4,  it  can  be  seen  that,  in  case  of  an  off-centering 
of  such  a  magnitude,  the  relative  variation  of  6  and  t  lies  within  the 
limits  of  usvial  measurement  errors.  Moreover,  it  was  found  that,  even 
when  the  relative  off-centering  amounts  to  25^,  the  variation  of  6  and  t 
apparently  does  not  exceed  1^5.  It  is  obvious,  however,  that  an  off- 
centering  of  such  magnitude  is  not  permissible  and  should  not  take  place 
in  viscosity  measurement  tests. 

If  we  consider  that  both  tests  refer  to  very  different  condi¬ 
tions,  we  must  conclvide  that,  in  case  the  design  of  the  suspension  sys¬ 
tem  is  sufficiently  accurate,  the  off-centering  which  actually  takes 
place  is  Incapable  of  introducing  a  noticeable  error  into  the  experi¬ 
mental  results.  The  physical  reason  for  this  In^ortant  fact  lies  in  the 
dynamic  stability  of  the  oscillating  motion  of  the  suspension  system. 

9.  Measurement  of  the  Moment  of  Inertia  of  the  Suspension  System 

An  Important  element  in  the  measurement  process  is  the  correct 
determination  of  the  moment  of  inertia  of  the  suspension  system  K.  As 
is  known,  an  accurate  determination  of  this  value  is  far  from  being  an 
elementary  experimental  problem.  A  determination  of  K  can  be  con¬ 
veniently  performed  by  means  of  the  following  two  observations  of  the 
oscillation  period  of  the  suspension  system:  in  case  of  an  empty 
bucket  without  any  kind  of  additional  load  —  Tq  and  oscillation  period 
T'  of  the  suspension  system,  loaded  with  a  stanaard  load  having  a  known 
moment  of  inertia  K*. 

The  standard  must  be  light  in  comparison  to  the  empty  system,  in 
order  that  both  measurements  of  the  oscillation  periods  shovdd  be  per¬ 
formed  under  IdenticfQ.  thread  load  conditions;  at  the  same  time,  it 
should  possess  a  sufficiently  large  moment  of  inertia,  in  order  that 
the  oscillation  periods  Tq  and  t'  should  greatly  differ  from  each  other. 
For  this  reason,  it  is  convenient  to  design  the  standard  in  the  form  of 
a  thin  and  light  disk  with  a  large  radius. 

The  following  obvious  formula  is  applicable  to  K: 
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which  is  obtained  In  the  assumption  that  the  rigidity  factor  of  the 
suspension  thread  N  remains  constant. 

10.  Determination  of  6o(t)  and  TQ(t) 

The  calculating  formulas  include  the  attenuation  decrement  and 
the  oscillation  period  of  an  empty  system  6o  and  Tq.  Both  of  these 
values  depend  v^on  the  temperature.  This  is  soj  because  the  suspension 
thread  may  become  heated,  and  its  elastic  properties  may  vary  during  tne 
course  of  the  test,  and  also,  in  view  of  the  fact  that  the  viscosity 
of  the  gaseous  medium  surrounding  the  bucket  increases  with  the  tempera¬ 
ture.  Consequently,  the  above-mentioned  values  must  be  measured  over 
the  entire  tesperature  range  in  which  the  viscosity  is  measured. 

It  is  necessary  to  recall  that,  when  using  the  calculation  meth¬ 
ods  applicable  to  low-  and  high-viscosity  liquids,  an  accurate  (exact) 
knowledge  of  tq  and  Aq  necessary,  since  these  values  only  form  a 

part  of  the  small  correction  term.  On  the  contrary,  in  case  of  liquids 
with  an  Intermediate  viscosity,  Tq  enters  into  the  dominant  term  of  the 
viscosity  expression  and  therefore  must  be  measured  accurately  over  the 
entire  temperature  range  in  which  the  viscosity  is  investigated. 

Let  us  consider  the  problem  of  determining  6q  and  tq,  on  the 
basis  of  the  requirement  for  obtaining  the  exact  value  of  these  magni¬ 
tudes. 

From  equations  (2.41)  and  (2.43),  we  get; 

Here,  and  N  are  functions  of  the  temperature  t. 

In  order  to  Increase  the  measurement  accuracy  of  6q  and  tq,  it 
is  advisable  to  perform  an  auxiliary  test,  which  consists  in  the  follow¬ 
ing:  after  placing  into  the  bucket  a  solid  san^le  with  an  axial  moment 
of  inertia  K"  and  creating  in  the  unit  a  gas  pressure  similar  to  the  one 
present  during  the  measurement  of  viscosity,  the  tessera ture  dependence 
of  the  attenuation  decrement  and  of  the  oscillation  period  is  measured. 
Let  us  designate  the  values  obtained  in  this  manner  as  &A(t)  and  Tl(t). 
Then  from  formulas  (3*77)  and  (3.78),  by  means  of  an  obvious  transforma- 
ticxi,  we  will  obtain  the  necessary  values  of  6o(t)  and  TQ(t),  correspond¬ 
ing  to  the  moment  of  inertia  K,  namely: 
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io(0  =  ^>ovO/' 

^o(o=^o(o  jr^7^‘ 


(3.79) 


(3.80) 


These  values  must  be  incorporated  into  the  calculating  formulas 
used  for  calculating  the  viscosity.  A  typical  temperature  dependence 
of  £q  is  Illustrated  in  Figure  5. 


11.  Calculation  of  the  Attenuation  (Damping)  Decrement 

The  constancy  of  £  in  a  given  series  of  oscillations  was  fre¬ 
quently  confirmed  during  tests. 

The  calculation  of  decrements  can  be  performed  by  means  of  the 
obvious  formula: 


(3.81) 


where  f  is  the  number  of  oscillations  in  a  given  series,  and  Aq  and  Af 
are  the  initial  and  final  amplitudes.  The  relative  error  in  the  deter¬ 
mination  of  6  according  to  this  formula  is  eqtial  to: 


^0 


(3.82) 


i.e.,  this  error  is  mainly  determined  by  the  error  in  the  final  ampli¬ 
tude  Af  and  by  the  ratio  Aq,  but  does  not  depend  upon  the  value  of  £ 

Af 

and  the  oscillation  number  f. 

The  calculation  of  £  by  means  of  formula  (3.81)  coincides  with 
an  accuracy  of  up  to  0,3%  with  the  value  of  the  decrement,  calculated 
by  the  method  of  least  squares.  The  general  theory  of  the  method  of 
least  squares  gives  the  following  formula  for  the  calciU.atlon  of  the 
logarithmic  decrement  (see  Note): 


(3.83) 
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(Note!  This  formula  can  be  derived  as  follows.  Let  us  assume 
that  the  theoretical  dependence  between  the  logarithm  of  the  amplitude 
and  the  oscillation  number  has  the  following  appearance: 

In  =  In 

where  i  =  0,  1|  2,  3  •••»  f*  If  the  measurements  were  absolutely  exact 
(accurate),  then  this  equality  would  be  strictly  fulfilled.  However, 
the  experimental  values  of  the  logarithms  of  amplitudes  contain  a  cer¬ 
tain  error,  and  therefore  we  will  have  the  following,  instead  of  the 
equality  written  above: 

In  —  In  -{■  8/  =  Vf, 

Me  shall  reqtiire  that  the  sum  of  the  squares  of  deviations: 

2  =  S  {In  —  In  i4o  +  8/}*  =  /(ln  Ao,  8) 

uo  i=o' 

will  be  a  minimum.  We  shall  then  have:  0  and  ^b>0  •  These 

oinAo  09 

equations  are  designated  as  normal  equations  of  the  method  of  least 
squares.  The  number  of  such  equations  is  always  equal  to  the  number  of 
luiknowns  (in  this  case,  there  8a*e  two  such  equations,  corresponding  to 
In  Aq  and  6).  Since: 

i^f 

2  In  (/-f-  1)  In  Ao, 

<=o 

from  the  normal  equations,  after  excluding  In  Ao»  it  is  easy  to  obtain: 

2 ^  S  I" -<<+•[  S 1  - 

where  summation  extends  from  i  =  0  to  i  =  f. 

It  is  known  that: 

<=0 

and  from  here  we  obtain  formula  (3.83).) 
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During  calculations,  the  following  diagram  of  arrangement  of  op¬ 
erations  may  be  conveniently  used.  The  following  table  is  drawn  up: 


/ 

lni4^ 

ilnAf 

0 

In  An 

0 

1 

In  Ai 

1  •  In 

2 

InAi 

2- In  Ai 

3 

In>l3  • 

3  •  In  i4g 

/ 

InAf 

f\nAf 

i-f 


We  find  the  sums  P  =zs  ^  In  and  Q : 

up  the  expression  fP  -  2Q  =  D.  Then: 

t  6Z> 

(/+i)((/4-i)>-n‘ 


=  ^/In  Ai 
i=o 


and  we  draw 


(3.84) 


12.  Accounting  for  the  Condensation  of  Liquid 
on  the  Lid  of  the  Bucket 

In  tests,  conducted  with  a  free  surface  of  the  metal  under  a 
pressure  of  10“^  to  10”3  nun  mercury  column,  individual  liquid  droplets 
may  sometimes  be  formed  on  the  lid  of  the  bucket.  Apparently,  this  is 
acconpanled  by  a  reduction  in  the  mass  of  the  liquid  M  with  a  simul¬ 
taneous  increase  in  the  moment  of  inertia  K.  Naturally,  this  fact,  if 
it  takes  place,  requires  the  introduction  of  an  appropriate  correction 
into  the  viscosity  values,  calculated  from  the  initial  value  K. 

M 

Let  us  consider  first  the  field  of  low-viscosity  liquids.  The 
approximate  expression  for  the  viscosity  according  to  (2.82)  can  be 
written  in  the  form: 


V 


(3.85) 


vhere  is  independent  of  K  and  M.  By  making  use  of  the  identity: 

^  —  ^  _L  dK  (3.86) 

dK’dM* 


we  get: 
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(3.87) 


rfv  _ 

dM  ~ 


MS 


However; 


dK=~ 


2 


</AI 


(3.88) 


(the  Increase  In  the  moment  of  inertia  takes  place  at  the  expense  of  a 
reduction  in  the  mass  of  the  liquid).  Consequently: 

_^__2  (3.89) 

dM~  M  ^0  K  '  ''O’ 

where  Vq  is  the  viscosity  value  calculated  from  the  initial  value  K. 

M 

Thus,  the  true  value  of  the  viscosity  Vq  +  dv  is  expressed  by  the  fol¬ 
lowing  relation: 


V  —  _  Vq  1^1  - . 


(3.90) 


During  the  covirse  of  transition  of  the  liquid  from  the  bulk  mass 
M  to  the  lid  of  the  bucket,  dM  <  0.  Consequently,  the  true  value  of 
the  viscosity  will  exceed  the  value  calculated  from  the  initial  by  the 

M 

following  quantity: 


(3.91) 


where  |dM| is  the  absolute  value  of  the  mass  of  the  liquid,  which  has 
collected  in  the  form  of  droplets  on  the  lid  of  the  ^cket. 

For  liquids  with  an  intermediate  viscosity,  we  have  approximately, 
according  to  (2.43)  and  (2.73): 

+  ^  I  _  MR  (3.92) 

r  It’ 


or,  in  a  different  form; 


This  formula  can  be  written  in  the  following  form: 
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(3.94) 


where  ^3  is  independent  of  K  and  M.  The  equation  obtained  in  this  man¬ 
ner  is  similar  to  (3.35)  in  that  respect  that  the  viscosity  is  also 
proportional  in  this  case  to  j^.  Consequently,  equation  (3.90)  can 

also  be  used  in  the  third  region. 

For  high-viscosity  liquids,  in  case  of  small  ^  values,  one  can 
write  according  to  (2.99): 


Af 


(3.95) 


where  ^2  independent  of  K  and  M.  By  making  use  of  the  identity 
(3.87),  we  get: 


d-i 

dM 


_  '0 


/f+ 


M 


(3.96) 


or: 


(3.97) 


and  finally: 


(3.98) 


Consequently,  in  contrast  to  the  first  two  cases,  the  true  value 
of  the  viscosity  in  this  case  is  smaller  than  the  value  cadculated  from 
the  initial  value  £ 

M 


Such  a  difference  in  the  effect  of  condensation  is  due  to  the 
shape  of  the  curve  shown  in  Figure  3  and  can  be  readily  e:qplained  from 
a  qualitative  standpoint. 

The  condensation  of  metal  vapors  on  the  internal  surface  of  the 
lid  of  the  bucket  will  be  the  more  intensive,  the  higher  the  vacuvun  and 
the  greater  the  overheating  of  the  free  surface  of  the  fused  metal 
in  relation  to  the  lid  of  the  crucible  (bucket).  However,  it  is  possi¬ 
ble  that,  in  spite  of  the  absence  of  a  condensation  on  the  lid  of  the 
bucket  (as  a  result  of  a  certain  overheating  of  the  lid  in  relation  to 
the  fused  metal),  the  experiment  will  have  to  be  interrupted  in  view  of 
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the  condensation  of  metal  vapors  on  the  mirror  and  on  other  parts  of  the 
optical  system  in  the  unit*  A  hermetic  sealing  of  the  bucket  or  the 
conduct  of  the  test  under  an  inert  gas  pressure  represents  a  logical  way 
of  overcoming  this  particular  difficulty. 

Thus,  metal  evaporation  exerts  a  negative  effect  in  the  following 
two  directions.  First,  the  mass  of  the  tested  metal  and  the  moment  of 
inertia  of  the  bucket  both  undergo  a  change.  -Second,  a  reading  of  oscil' 
lation  anqplitudes  may  be  In^ssible  as  a  result  of  the  condensation  of 
metal  on  parts  of  the  optical  system  of  the  unit. 

In  order  to  get  a  clear  idea  of  the  measvires  used  for  combatting 
the  above  negative  aspects  of  evaporation,  let  us  exEunlne  in  greater  de¬ 
tail  the  processes  of  metal  evaporation  and  condensation. 

The  evaporation  rate  of  a  metal  is  expressed  by  Langmuir's  well- 
known  foi*mula: 


m 


V 


M 


2kRT 


(3.99) 


where  m  is  the  evaporation  rate  in  g/sq  cm* sec,  P  is  the  vapor  pressure 
of  the  evaporating  metal  in  dynes/sq  cm,  M  is  the  atomic  weight  (in 
case  of  a  monoatomic  vapor),  R  =  8.313  *  10**^  erg/degree  •  mole  is  the 
gas  constant,  and  T  is  the  absolute  temperature. 

The  pressure  of  metal  vapors  P  in  mm  Hg  can  be  represented  by 
the  following  empirical  equation: 

lg/>  =  — ^  — filgr-fC.  (3.99') 


A  table  listing  the  values  of  factors  A,  B,  C  for  different  metals  is 
given  in  a  monograph  published  by  S.  A.  Vekshinskiy  (3). 

A  curve  showing  the  evaporation  rate  of  bismuth  from  a  surface 
of  ttr2  =  3,14  sq  cm  is  given  in  Figure  6. 

If  we  start  from  the  assumption  that  there  is  no  reflection  of 
metal  atoms  from  the  lid,  then  the  curve  shown  in  Figure  6  allows  us  to 
make  certain  statements  on  the  rate  of  metal  condensation  on  the  lid 
(of  course,  only  in  case  of  a  stationary  distribution  of  the  vapor 
density  in  the  clearance  between  the  fi«e  surface  of  the  metal  and  the 
lid). 

Figure  7  illustrates  the  possible  condensation  rate  on  a  surface 
nR^  =  3,14  eq  cm  at  different  temperatures  and  tenperature  differences 
AT  =  T  -  T'  between  the  metal  T  and  the  lid  T'.  From  Figure  7,  it  can 
be  seen  that,  in  case  of  the  assumptions  made  above,  the  condensation 
rate  is  quite  high.  It  is  obvious  that  the  presence  of  a  foreign 
(extraneous)  gas  between  the  metal  and  the  lid  will  form  a  serious  ob¬ 
stacle  to  the  establishment  of  an  equilibrium  condensation  of  metal 
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vapors  in  the  clearance,  and  consequently,  under  these  conditions,  the 
actual'  condensation  rate  will  be  much  lower. 

However,  radical  struggle  with  condensation  must  consist  In 
secxurlng  a  higher  rate  of  condensation  from  the  lid  than  from  the  free 
surface  of  the  metal,  and  this  is  possible  only  In  case  T'  >  T,  i.e., 
there  must  be  an  overheating  of  the  lid  In  relation  to  the  metal. 

It  Is  precisely  this  condition  which  must  be  achieved  dxirlng  the 
conduct  of  an  experiment,  especially  in  view  of  the  fact  that  an  over¬ 
heating  of  the  lid  will  also  prevent  the  appearance  of  convection. 


13.  Correction  for  a  Protruding  Column 


If,  at  the  time  it  is  fused,  the  liquid  completely  fills  up  the 
crucible  (bucket)  and  is  in  contact  with  the  lid,  upon  heating,  it  ex¬ 
pands  and  spills  over  into  the  frae  space  over  the  edge  of  the  crucible. 

An  appropriate  design  of  the  crucible  is  illustrated  in  Figure  8. 
The  excess  of  the  expanded  liquid,  having  a  mass  M',  will  protrude  into 
the  cylindrical  opening  A. 

Let  us  exa^ne  the  correction  for  the  protruding  column  of 
liquid  which  must  be  introduced  into  formulas  (2.82)  and  (2.89).  We 
shall  designate  the  height  of  the  liquid  column  in  A  as  h,  and  its 
radius  as  rQ.  In  view  of  the  small  size  of  rQ,  which  amounts  to  sev¬ 
eral  millimeters,  the  liquid  meniscus  in  A  can  be  considered  as  a  fric¬ 
tion  surface,  provided,  of  course,  the  oxide  film  formed  on  this  surface 
is  sufficiently  stable.  Consequently,  an  addend,  which  determines  the 
friction  on  the  side  sxurface  of  the  column,  should  be  added  to  the  right 
side  of  expression  (2.68): 


where : 


(3.100) 


(3.101) 


In  view  of  the  obvious  small  size  of  this  additional  term,  it  can  be 
written  in  this  form,  although  it  is  obvious  that,  in  case  of  small  rQ 
values,  an  asynqptotic  representation  of  Bessel  functions  will  express 
the  side  friction  in  a  very  rough  manner. 

The  expression  (2.68)  for  L,  containing  a  correction  for  the 
protruding  column  of  liquid,  will  assvune  the  following  appearance: 
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=  -4«,/P«[/p(l+^)+|(,  +^)]  + 


nsl 


Prom  here,  obviously,  the  following  e:qpresslon  Is  obtained: 


Ys= _ ^ 

^  VfRYn  9iV* 


when: 


14— .51^  J.  3M  /■  I  »>{  'l 

~  7173?  w) +M  S  <?«• 


RV  — 

f  tv 


(3.102) 


(3.103) 


(3.104) 


or,  in  a  different  form: 


9l— «+  2///?!®’ 


(3.105) 


Here: 

_ _  ^0  3i  Tj  3®*  Tg  3 

^  4n  R  32n»T 


YE' 

f  TV 


However: 


NH  —  nrJAp  =  ^  —  Vp  =  M  —  2ii/?»A/p. 


(3.106) 


(3.107) 


Therefore: 
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=  «<"-'“')(» +  7?^“) 

or: 

=  "«’['-('-^)(i-f)]- 

By  designating: 

mt  shall  write: 

VpRs^  =  Af/?aC. 


and  from  herej  we  finally  get: 


V 


T(m)  — 


(3.109) 

(3.110) 

(3.111) 

(3.112) 


It  should  he  emphasized  that  the  problem  as  to  the  adequacy  of 
introducing  this  correction  must  be  carefully  studied  for  each  experi¬ 
ment  (naturallyi  if  the  latter  is  conducted  with  two  end  friction  sm:- 
faces).  Indeed,  let  us  assume  that  measurements  are  performed  in  such 
a  manner  that  the  formation  of  an  oxide  film  on  the  surface  of  the 
liquid,  vdiich  could  act  as  a  friction  surface,  is  completely  excluded. 
In  this  case,  the  lack  of  an  end  friction,  resulting  from  the  absence 
of  friction  on  the  free  surface  of  the  protruding  column,  is  partially 
compensated  by  a  side  friction,  whereby  the  degree  of  compensation  will 
be  different  according  to  the  height  of  the  protruding  column.  If,  on 
the  other  hand,  a  strong  oxide  film  is  formed,  and  it  is  precisely  un¬ 
der  such  conditions  that  it  is  advisable  to  perform  measurements  with 
two  end  surfaces  of  contact,  then  one  can  be  sure  that  the  oxidized 
meniscus  of  the  protruding  column  forms  a  friction  surface,  and  the  in¬ 
troduction  of  the  above  correction  becomes  indispensable.  This  is  usu¬ 
ally  the  case  during  the  study  of  the  viscosity  of  fused  metals  under 
low  vacuum  conditions,  or  when  the  inert  gas  atmosphere  in  which  the 
measurements  are  conducted  contains  a  noticeable  amount  of  oxygen. 
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14.  Calcvdation  of  the  Suspension  System 


Let  us  asstine  that  a  unit  must  be  built  for  studying  the  tempera- 
ture  dependence  of  a  kinematic  viscosity  smaller  thanv-j,  using  a  calcu¬ 
lating  system  applicable  to  low-viscosity  liquids.  It  is  required  that 
the  value  of  the  kinematic  viscosity  v-]  should  correspond  to  a  point 
5  =  =  10,  i.e.,  y  =  y-i  =  100. 

The  radius  of  the  bucket  can  be  assigned,  by  using  the  convenience 
of  the  experiment  as  a  guide,  and  primarily  according  to  the  dimensions 
of  the  furnace. 

In  accordance  with  inequation  (3.32),  we  can  assiune  that: 

2H=2R,  (3.113) 

and  from  here,  the  volume  of  the  tested  liquid  will  be  equal  to: 

(3.114) 

and  the  mass  of  the  liquid: 

Al  =2it^«p,  (3.115) 

where  p  is  the  density.  Let  us  assign  to  ourselves  a  maximum  decrement 
valxie,  corresponding  to  the  vertex  of  curve  6(^),  which  will  be  desig¬ 
nated  as  6j^.  Then,  according  to  Figure  3,  the  value  of  the  decrement 
at  the  point  where  5  ~  5l  "  10  ^  equal  to: 

=  (3.116) 


and,  consequently,  we  will  have  to  deal  in  the  test  with  a  decrement 

6  ^0.  656jq. 

6y  substituting  into  the  formula: 


3^1 


(3.117) 


the  ejqiresslon  for  t,  given  by  equation  (3.31),  after  first  excluding 
f(^)  from  the  latter  with  the  aid  of  (3.23)  and  using  (3.116),  we  will 
get: 


2kR» 


(3.iia) 


On  the  other  hand,  since  6  =  1,  we  will  find  from  (3.27): 
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0,086. 2iiAl^ 
- ^ 


Equations  (3.118)  and  (3.119)  determine  the  oscillation  period 
and  the  moment  of  inertia  of  an  empty  suspension  system.  Since  these 
two  values  are  connected  by  the  relation: 


“'o 


=  2it 


(3.120) 


the  necessary  value  of  Tq  for  the  given  K  is  seciired  by  selecting  the 
suspension  thread  with  the  aid  of  the  well-known  expression: 

(3.121) 

32/  * 

where  G  is  the  modulus  of  rigidity,  }  is  the  length  of  the  thread,  and 
d  is  its  diameter.  Substitution  of  N  into  (3.120)  leads  to  the  equa¬ 
tion: 


Gd*  ~~  128/f  * 


(3.122) 


After  selecting  the  material  for  the  suspension  thread  (modulus 
of  rigidity  G),  it  is  possible  to  determine  the  required  length  of  the 
thread  at  a  given  diameter.  When  the  suspension  thread  is  twisted  to  a 
maximum  angle  of  twist,  no  residual  deformations  shoiild  be  formed  in 
the  thread.  However,  a  final  selection  of  the  thread,  which  will  secure 
the  necessary  oscillation  period  at  the  given  moment  of  Inertia  and 
with  no  residual  deformations  present,  is  best  performed  experimentally. 

Let  us  examine  a  numerical  exasqple.  In  studying  most  metals  we 
can  adopt  a  value  of Vi  =  0.010  stokes.  After  assigning  a  value  for 
the  radius  R  =  0.700  cm  and  a  value  of  6jj  =  0.400,  we  will  find,  by 
means  of  (3.118)  tq  =  3  sec. 

According  to  (3.119)  and  (3.115),  the  moment  of  inertia  will  be 
expressed  by  the  foimiula  K  =  1.44P»  and,  by  adopting  a  value  for  the 
density  p  =  8  g/cu  cm,  we  will  get  K  =  11.5  g  *  sq  cm.  The  volume  of 
the  crucible  cavity  (inside  area)  will  be  equal  to  V  =  2.13  cu  cm,  and 
the  mass  of  the  metal  M  =  17  g. 

A  sliqile  calculation  by  means  of  formula  (3.16)  shows  that,  for 
the  given  siispension  system  at  p  =  8  g/cu  cm: 


/(5)<  0,105. 


(3.123) 


Therefore,  instead  of  (3.31),  it  is  possible  to  adopt  t  Tq,  and  from 
the  expression: 
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vto 


(3.124) 


to  determine  the  minimum  value  of  the  kinematic  viscosity  V2,  which  can 
still  be  calculated  with  the  aid  of  Table  1.  We  will  get: 


'*9  = 


(3.125) 


Since  y-|  =  1CX)  and  y2  =  3»500,  then  v 2  =  3  *  10“^  stokes. 

After  having  deterMned  the  parameters  of  the  suspension  system 
for  the  purpose  which  we  had  in  mind,  we  can  examine  the  reverse  prob¬ 
lem,  namely  to  establish  the  values  of  the  kinematic  viscosity  and  601 
which  can  be  obtallied  if  liquids  of  different  densities  are  studied  with 
a  given  instrument. 

In  this  case,  let  us  designate  the  values  obtained  in  the  calcu¬ 
lation  described  above  as  p°,  6^*  ^ ^  letters, 

but  without  the  indices  on  top,  to  designate  the  values  corresponding 
to  the  measurement  of  the  viscosity  on  the  instrument  examined  above, 
but  using  a  llqxiid  with  a  different  density,  differing  from  p°.  ^y 
using  formulas  (3.119)  and  (3.118)  on  two  liquids  in  the  same  instru¬ 
ment,  we  will  get: 


I  =JLjo 
“si  —  .0  m 


(3.126) 


and: 


(3.127) 


Substitution  into  the  last  two  formulas  of  the  numerical  values  6^  = 
0.4CX},  vf  =  0.01  stokes,  p°  =  8  g/cu  cm  will  give  the  following  expres¬ 
sions: 


8^  =  O.OSp 


(3.128) 


and: 

=1=0,01  l/" 2;4t:^’o5)325p  • 


(3.129) 


With  the  aid  of  these  formulas,  we  can  find  6,g  and  vi  in  case  of 
liquids  of  different  density,  if  we  use  the  suspension  system  calculated 
above. 
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Figure  9  presents  curves,  plotted  on  the  basis  of  the  last  two 
equations,  and  alsc  on  the  basis  of  the  equations  presented  in  #  1  and  2 
of  this  chapter,  for  the  suspension  system  examined  here. 

Since  the  sensitivity  of  the  suspension  system  to  a  change  in 
viscosity  at  a  given  ^is  proportional  to  (formula  (3.39)),  the  6,q 
curve  simultaneously  describes  (characterizes)  the  change  in  sensitivity 
in  case  of  a  change  in  density  (this  curve  is  calculated  according  to 
(3.59)). 

Thus,  Figure  9  represents  an  exhaustive  (conqplete)  characteristic 
of  the  properties  of  the  given  suspension  system  and  the  possible  limits 
of  its  utilization. 

15.  Experimental  Check  of  the  Calculation  System 
Used  in  the  Theory  of  the  Method 


If  the  inequation  y  >  100  is  fulfilled,  or,  which  is  the  same 
thing,  ^  >  100,  then,  according  to  the  theory  of  the  method,  the  results 
of  the  calculation  of  the  kinematic  viscosity  according  to  equation 
(2.82)  must  be  independent  of  y.  In  order  to  confirm  this  concept, 
measurements  of  the  kinematic  viscosity  of  water,  isopropyl  alcohol  and 
methyl  alcohol  were  performed.  All  tests  were  conducted  with  the  same 
bucket,  but  with  different  suspension  threads,  which  made  it  possible 
to  vary  the  oscillation  period  of  the  empty  system  within  the  range  of 
2.574  <  tq  <  9*270  sec.  The  temperature  during  the  tests  fluctuated  be¬ 
tween  17  and  19*5^*  The  results  of  the  processing  of  the  experiments  by 
means  of  the  calculating  system,  referring  to  low-viscosity  liquids  and 
reduced  to  a  single  temperature,  are  illustrated  in  Figure  10. 

Along  the  ordinate  axis  of  this  figure  the  value  (y)  is  plotted, 

V 

in  which  v(y)  is  the  calculated  viscosity  at  the  given  y,  and  v  is  a 
mean  value,  calculated  from  data  of  observations  corresponding  to  a 
region  where  y  >  100.  In  the  case  of  isopropyl  alcohol,  the  region 
where  y  > 100  was  not  reached,  and  tte  value  of  the  kinematic  viscosity 
at  a  maximum  y  =  82  was  adopted  as  v.  Values  of  y  were  plotted  along 
the  abscissa  axis.  _ 

Absolute  values  of  v  are  listed  in  Table  3,  which  also  gives  the 
kinematic  viscosity,  calculated  on  the  basis  of  average  tabulated  data 
of  the  dynamic  viscosity  and  density. 

In  this  case,  fr(»  the  standpoint  of  a  check  of  the  theory  of  the 
method,  the  appearance  (shape)  of  the  curve  shown  in  Figure  10  is  of 
greater  Interest  than  the  absolute  values  of  the  kinematic  viscosity, 
since  the  degree  of  purity  of  the  liquids  tested  was  not  clarified. 
Figure  10  shows  that  the  results  of  the  processing  of  observations  by 
means  of  the  calculating  system,  referring  to  low-viscosity  liquids, 
are  actually  Independent  of  y  in  the  region  where  the  values  of  y  >  75, 
i.e.,  ^  ^  8*5. 


Table  3 


Liauid 

tls 

V 

Cent! stokes 

Cent! stokes 

(tabulated 

data) 

V  -  V 

V 

1 _ 

Water 

18.0 

1.07 

i  .06 

1.0 

Isopropyl  alcohol 

19.5 

3.09 

3.07 

0.6 

Methyl  alcohol 

18.1 

0.784 

0.773 

1.4 

Mixture  of  liquids 

18.1 

0.764 

— 

Thus,  the  fttlflllment  of  the  condition  y  ^  100  ensures  the  neces-  { 

sary  accuracy  of  calculation  for  low-viscosity  liquids. 

In  the  tests  described  above,  which  were  conducted  with  rela¬ 
tively  small  valvies  of  y,  it  was  necessary  to  make  use  of  several  suc¬ 
cessive  approximations  during  the  calculation  of  v. 

An  example  showing  how  the  calculations  coincide  (converge)  for 
one  of  the  points  of  the  cxirve  corresponding  to  Isopropyl  alcohol  is 
presented  in  Table  4* 

Table  4 


V 


ADoroxlmatlon 

£ 

Cent! stokes 

1 

Zero 

1 

1.84 

(see  Note) 

134 

First 

0.819 

2.74 

91 

Second 

0.775 

2.98 

82 

Third 

0.762 

3.09 

79 

( Note ;  According  to  the  designations  given  in  #  8-9  of  Chapter  II  in 
case  of  a  zero  approximation  (  os  1)  ysv*.) 

This  table  illustrates  a  calculation  which  exhibits  the  lowest 
convergence.  Its  slow  convergence  is  due  to  the  fact  that  the  values  of 
y  correspond  to  the  initial  part  of  Table  1  and  even  extend  beyond  its 
limits  (small  y  values),  where  the  dependence  of  factors  a,  b,  c  on  y 
is  most  strongly  expressed. 
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Table  5  gives  an  example  showing  the  convergence  of  calculations 
when  computing  the  viscosity  of  water,  which  also  corresponds  to  one 
point  of  the  curve. 

The  convergence  in  this  case  is  more  rapid  than  in  the  preceding 
case,  which  is  due  to  the  higher  values  of  y,  where  the  variation  of 
factors  a,  b  and  c  follows  a  slower  coiurse. 

Table  5 


V 


ADoroxlmatlon 

2 

Centistokes 

1 

Zero 

1 

0.817 
(see  Note) 

303 

First 

0.887 

1.04 

239 

Second 

0.876 

1.06 

233 

Third 

0.873 

1.07 

231 

(jtote:  See  Note  at  botton  of  Table  4.) 

In  general,  the  character  of  the  curves  given  in  Figure  2  shows 
that  the  convergence  of  calculating  operations  should  be  the  better, 
the  higher  the  values  of  y  at  which  the  experiment  is  conducted. 

It  is  possible  to  estimate  the  degree  of  rigidity  (strictness) 
of  the  condition  2H  ^ 1.85  R  on  the  basis  of  the  results  obtained  dur¬ 
ing  the  measurement  of  the  viscosity  of  mercury  at  tempera tvires  of  16 
and  26°  C.  In  this  case,  the  bucket  is  filled  to  a  height  of  2H  =  1  cm 
with  a  free  surface  of  the  meniscus.  Measurements  were  performed  in  a 
ceramic  crucible  (bucket),  which  was  not  wetted  by  mercury,  having  a 
radius  of  1  cm.  The  experiment  was  conducted  in  the  region  correspond¬ 
ing  to  low-viscosity  liquids. 

The  results  of  these  roeasvu*ements  are  listed  in  Table  6. 


Table  6 


t°  C 

V 

Centistokes 

Method 

Name  of  Exoerimenter 

16 

0.115 

Described  above 

Author 

26 

0.110 

n 

n 

15.7 

0.116 

Capillary 

Bernard 
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(Taule  6  continued) 

t°  C 

v 

Centl stokes 

Method 

Name  of  Exoerimenter 

16.5 

0.116 

Capillary 

Plus 

17 

0.118 

n 

Warburg 

17 

0.114 

II 

Schmidt 

26 

0.111 

II 

Plus 

For  purposes  of  comparison,  the  above  table  lists  data  obtained 
ky  other  reseeu'chers,  using  the  capillary  method  (Note:  These  data  were 
extracted  from  Landolt-Bfirnstein.  Physikallsch-Chemlsche  Tabellen.  Berli 
1923). 

The  above  table,  of  course,  is  not  aimed  at  providing  a  further 
evidence  of  the  correctness  of  the  theory  of  the  torsional-oscillation 

method,  as  shoiild  be  perfectly  clear  on  the  basis  of  the  contents  of 
#  1  in  Chapter  I.  These  results  are  of  Interest  precisely  from  the 
standpoint  that  these  tests  disclosed  a  coincidence  of  the  data  obtained 
by  the  capillary  and  torsional-oscillation  method  for  a  metallic  liquid, 
namely  mercury.  It  woxxld  not  be  at  all  surprising  if  the  results  o^ 
talned  were  lower  than  those  obtained  by  the  capillary  method. 

L.  S,  Priss  (see  reference  4  in  the  bibliography  of  Chapter  II) 
has  measured  the  viscosity  of  aqueous  glycerin  solutions,  in  order  to 
check  the  formulas  and  tables  drawn  i;q;>  by  him  for  high-viscosity  liquids 
(approximation  of  ^  <  4.2). 

The  measurements  were  performed  without  subjecting  the  unit  to 
constant  teiqperatuz*e  conditions,  which,  of  course,  affected  the  accuracy 
of  these  measurements.  The  viscosity  of  aqueous  glycerin  solutions  not 
only  is  greatly  dependent  upon  the  concentration,  but  is  also  extremely 
sensitive  to  tenf)eratuj*e  changes.  For  exaiqple,  when  the  temperature 
changes  by  C,  the  change  in  the  viscosity  of  a  9^^  glycerin  solution 
at  room  teiq)erat\ire  is  equal  to  0.4  poises.  In  this  particular  test 
series,  the  possible  error  in  the  determination  of  the  temperature 
amounted  to  0. 2-0.3^  C.  The  concentration  of  the  solutions  was  deter¬ 
mined  according  to  their  density;  the  resuiltlng  accidental  errors  also 
affected  the  viscosity. 

The  results  obtained  during  the  measurement  of  the  viscosity  of 
aqueous  glycerin  solutions  are  listed  in  Table  7,  which  also  contains 
Shelley’s  data  (1932),  extracted  from  Landolt-BSrnstein's  tables,  ob¬ 
tained  by  the  capillary  method.  The  values  of  6  and  ^  give  an  indica¬ 
tion  of  the  magnitudes  (quantities)  with  which  one  has  to  deal  in  such 
tests.  It  is  obvious  that  the  results  obtained  by  L.  S.  Priss  are  in 
good  agreement  with  Shelley's  data. 
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Table  7 


R  = 

1.296  cm 

,  2H  =  5.00 

cm 

Concen¬ 
tration, 
C  % 

!.  t°  C 

Vmeas* 

in 

stokes 

l^meas* 

in 

poises 

Tltabi  Tmeaa  ~  Ttab 

1*1  ^tab 

poises  % 

6 

1 

93.38 

18.2 

3.84* 

4.78 

4.67 

+  1.9 

0.0232 

0.516 

90.29 

20.0 

1.98* 

2.45 

2.47 

-  0.8 

0.0343 

0.714 

79.76 

19.2 

0.496 

0.602 

0.610 

-  1.3 

0.0785 

1.46 

73.87 

18.4 

0.290 

0.346 

0.353 

-  2.0 

0.1231 

1.92 

68.98 

18.2 

0.195 

0.230 

0.228 

+  0.9 

0.1827 

2.38 

62.51 

17.0 

0.127 

0.147 

0.146 

+  0.7 

0.2405 

2.97 

57.36 

18.5 

0.0860 

0.0987 

0.0976 

+  1.1 

0.2949 

3.50 

51.65 

18.4 

0.0616 

0.0698 

0.0699 

-  0.1 

0.3252 

4.14 

R  = 

1.008  cm. 

»  2H  =  4.00 

cm 

94.85 

19.8 

4.71* 

5.87 

5.47 

+  7.3 

0.0206 

0.456 

93.38 

19.6 

3.32* 

4.13 

4.24 

-  2.6 

0.0226 

0.554 

90.29 

19.8 

1.95* 

2.41 

2.49 

-  3.2 

0.0272 

0.716 

83.30 

18.6 

0.806 

0.982 

1.007 

-  2.5 

0.0418 

1.11 

79.76 

19.5 

0.522 

0.640 

0.619 

+  3.4 

0.0558 

1.37 

73.87 

19.2 

0.294 

0.350 

0.340 

+  2.9 

0.0855 

1.85 

64.04 

18.6 

0.134 

0.156 

0.153 

+  2.0 

0.1568 

2.76 

57.36 

18.5 

0.0899 

0.103 

0.101 

+  2.0 

0.1927 

3.34 

51.65 

18.3 

0.0597 

0.0678 

0.0702 

-  3.4 

0.2129 

4.14 

»  These 

results 

are  calculated  with  the  aid  of  formula  (2. 

,99) »  and  the 

remaining  results  with  the  aid  of  Table  2. 
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From  all  that  has  been  said  above,  it  is  possible  to  conclude 
that  the  calculating  formulas  and  tables  referring  to  the  fields  of  low- 
and  hlgh-vlscoslty  liquids  are  correct.  In  addition,  It  becomes  obvious 
that  Inequations  (2.63)  and  (3*32)  are  not  absolutely  rigid  (strict) 
and  that  slight  violations  of  these  Inequations  are  possible,  edthough 
this  does  not  affect  the  accuracy  of  calculations. 
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Chapter  IV 

Experimental  Realization  of  the  Method  and  the  Results  Obtained 

1 .  Viscosity  of  Steels 

During  the  measurement  of  the  yiscosity  of  steels  in  the  high 
temperature  region  (of  the  order  of  1,500°  C),  the  design  of  the  yiscosi- 
meter  is  determined  mainly  by  the  selection  of  the  heating  furnace. 

Since  the  study  of  the  viscosity  of  steels  is  necessary  primarily  for 
technical  purposes,  euid  in  view  of  the  fact  that  a  particularly  high  ac¬ 
curacy  is  h8u*dly  required  in  this  field  at  the  present  time,  the  vis¬ 
cosimeter  can  be  built  on  the  basis  of  any  kind  of  open  high-tempera- 
ture  furnace.  As  an  example  of  such  a  type  of  xmit,  we  shall  give  a 
brief  description  of  a  viscosimeter  built  by  us,  which  involves  the  use 
of  a  Tamman  furnace,  as  well  as  the  results  obtained  with  this  unit  on 
the  viscosity  of  steels  (1).  With  the  aid  of  this  unit,  it  was  possible 
to  conduct  measurements  approximately  up  to  1,800°  C  with  a  degree  of 
accuracy  sufficiently  high  for  technical  purposes. 

A  diagram  of  the  unit  is  shown  in  Figure  11.  The  suspension  sys¬ 
tem  (crucible  and  rod)  must  be  made  out  of  a  material  which  is  not  sub¬ 
ject  to  deformation  at  the  above-mentioned  temperatures  and  which  does 
not  react  chemically  with  the  fused  metal.  Various  types  of  alximinum 
oxide,  such  as  alvunlna  (kaolin),  alundum  and  corundvun,  may  be  used  for 
this  purpose.  It  should  be  emphasized  that  the  most  serious  attention 
should  be  given  to  the  problem  concerned  with  a  selection  of  a  material 
for  the  suspension  system  and  its  manufacturing  technique. 
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In  view  of  the  presence  of  carbon  monoxide  in  the  combustion 
space  of  the  Tamman  furnace,  the  metal  In  the  crucible  is  practically 
not  subject  to  oxidation.  In  addition,  a  small  amount  of  deoxidizing 
flux  can  be  added  to  the  crucible,  which,  after  beccxning  fused,  coats 
the  metal  with  a  thin  liquid  film.  This  measure  allows  the  use  of  an 
open  crucible  without  a  lid,  l.e.,  the  test  can  be  conducted  in  the 
presence  of  a  single  end  (face)  friction  surface. 

The  structure  of  the  suspension  system  used  in  our  tests  is  il¬ 
lustrated  in  Figure  12.  The  suspension  system  is  attached  to  a  metal 
wire,  whose  dimensions  and  elastic  properties  must  be  coordinated  with 
the  moment  of  inertia  of  the  suspension  system,  in  order  to  secure  the 
necessary  oscillation  period.  The  length  of  the  wire  should  preferably 
be  equal  to  about  23-30  cm. 

A  ceramic  cement,  prepared  from  a  fine  kaolin  or  alumina  powder, 
diluted  with  water  and  containing  a  small  amount  of  liquid  glass,  can 
be  used  to  connect  (attach)  metal  to  the  upper  section  of  the  rod  in  the 
suspension  system. 

A  metal  disk  4  (see  Fig\ire  12)  acts  as  a  radiator,  which  promotes 
the  cooling  of  the  upper  section  of  the  rod  and  of  the  wire  connected 
to  this  rod.  The  end  of  the  wire  is  clamped  into  a  miniature  three- 
jawed  chuck,  which  is  firmly  mounted  on  the  rod  with  the  aid  of  the 
ceramic  cement. 

The  temperature  of  the  metal  can  be  measured  by  means  of  an  op¬ 
tical  pyrometer.  A  vertical  beam  (ray),  coming  out  of  the  inside  cavity 
of  the  crucible,  is  transferred  into  a  horizontal  plane  by  means  of  a 
total  internal  reflection  prism  or  with  the  aid  of  a  mirror,  and  is  di¬ 
rected  to  the  optical  system  of  the  pyrometer.  The  crucible  is  placed 
in  the  region  of  a  uniform  temperature  field  of  the  furnace.  A  prac¬ 
tically  equilibrium  radiation  is  therefore  present  inside  the  cavity  of 
the  crucible,  and  a  free  surface  acts  as  the  bottom  of  this  cavity.  In 
this  case,  the  temperature  of  this  cavity,  determined  by  means  of  the 
pyrometer,  can  be  considered  (adopted)  as  the  temperature  of  the  metal 
tested.  The  passage  of  a  light  ray  through  the  prisms  or  mirrors  may 
introduce  an  error  into  the  pyrometer  readings.  This  error  must  be 
taken  into  account,  either  by  comparing  the  pyrometer  readings  (hiring 
the  passage  of  the  light  ray  through  the  prism  and  when  this  ray  goes 
around  the  prism  (the  pyrometer  is  installed  along  the  vertical  axis), 
or  by  calculation  (2). 

In  this  particular  series  of  tests,  the  viscosity  can  be  meas¬ 
ured  not  only  in  case  of  a  stationary  thermal  state  at  the  given  tem¬ 
peratures,  but  6dso  in  case  of  a  slow  heating  or  cooling  at  a  rate  of 
temperature  variation  of  ~  1.0°  C  per  minute. 

Free  torsional  oscillations  are  imparted  to  the  suspension  sys¬ 
tem  by  rotation  of  the  knob  12  (see  Figure  11)  at  a  small  angle  fixed  by 
means  of  a  plug  (locking  device).  The  oscillation  amplitudes  are  re¬ 
corded  visually  on  a  semi-transparent  scale  according  to  the  position 
of  the  beam  (ray),  reflected  by  the  small  mirror  8. 


-  91  - 


The  first  count  (reading)  of  the  amplitude  should  be  performed 
after  skipping  3-4  initial  oscillations.  Simultaneously  with  the  first 
reading,  a  stopwatch  is  set  into  operation.  After  reading  several  full 
oscillations,  simultaneously  with  a  fixation  (recording)  of  the  f-th 
amplitude,  the  stopwatch  is  stopped.  The  equilibrium  position  can  be 
determined  from  the  remaining  oscillations  in  the  same  way  as  during 
weighing  on  an  analytical  balance.  On  the  basis  of  these  data,  both 
the  oscillation  period  and  the  logarithmic  attenuation  (damping)  decre¬ 
ment  can  be  easily  determined  with  the  aid  of  formula  (3.31).  For  each 
tenqperature ,  several  such  measurements  should  be  performed,  and  average 
values  of  the  period  tnd  of  the  decrement  should  be  determined  on  the 
basis  of  these  meas\u*ements. 

A  fusion  of  the  metal  can  be  easily  observed  when  the  decrement 
Increases  sharply  and  the  period  is  reduced;  the  reverse  phenomena  take 
place  during  solidification  of  the  metal. 

In  the  temperature  range  above  1,300°  C,  a  noticeable  spontaneous 
movement  of  the  system  was  observed  upon  heating  in  certain  tests,  which 
made  observations  extremely  difficult.  It  can  be  assumed  that  the  reason 
for  this  movement  consisted  in  the  fact  that  an  intensive  evolution  of 
absorbed  gases  from  the  metal  was  taking  place,  which  was  even  accom¬ 
panied  by  an  upward  splashing  (sputtering)  of  the  metal,  so  that  metal 
droplets  above  the  free  surface  of  the  metal  could  be  observed  in  some 
cases. 

A  measurement  of  the  zero  decrement  (in  the  absence  of  a  fused 
metal  in  the  crucible)  must  be  performed  over  the  entire  temperature 
range  in  which  the  viscosity  is  studied.  As  a  result  of  the  Increase 
in  the  viscosity  of  gases  with  the  temperature  and  the  slight  heating 
of  the  suspension  wire,  the  zero  decrement  increases  several  times  in 
ccmparison  to  its  value  at  room  temperature.  Steels  having  the  composi¬ 
tion  given  in  Table  3  were  Investigated. 

Table  8 


Steel 

Grade 

Si  i 

Mn  % 

2-2 

LI 

Ni  i 

CrS 

Mo  % 

EU10 

1.00 

0.35 

0.30 

0.030 

0.040 

— 

— 

— 

1010 

0.09 

0.01 

0.47 

0.025 

0.039 

0.05 

0.04 

— 

EKhTM 

0.30 

0.19 

0.65 

0.004 

0.015 

0.12 

0.18 

0.18 

EYaZS 

0.40 

2.52 

0.67 

0.012 

0.031 

23.47 

17.30 

— 

EKh12 

2.10 

0.24 

0.19 

0.015 

0.024 

0.30 

11.75 
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(Table 

8  contlnvied) 

Steel 

Grade 

(Li 

Si  i 

ShKhl2 

1.05 

0.23 

1045 

0.49 

0.31 

Mn  t 

U 

0.32 

0.014 

0.022 

0.66 

0.026 

0.042 

lO  Sni  MoJ 
0.03  1.63  — 

0.07  0.18  — 


Figure  13  shows  the  results  of  the  measurement  of  the  kinematic 
viscosity  of  these  steels,  recalculated  again  on  the  basis  of  observa¬ 
tions,  starting  from  the  assumption  that  a  single  friction  surface  is 
present  on  the  end  plane  of  the  crucible,  and  assuming  that  t  =  tq 
during  the  calcvilation  of  the  correction  term,  which  is  due  to  ein  at¬ 
tenuation  of  the  en^ty  system,  i.e.,  by  substituting  6q  for  ^ 

TO 

In  these  tests,  the  data  of  the  unit  had  the  following  values: 

R  =  1.0-1. 4  cm;  M  =  50-200  g,  2H  =  2-6  cm,  K  =  110-550  g  •  sq  cm, 

“  0.005-0.012,  Tq  =  2.5“5.5  sec. 

The  accidental  (random)  error  in  the  determination  of  individual 
values  of  the  kinematic  viscosity,  according  to  the  test  conditions,  may 
be  as  high  as  10^. 

In  addition,  the  viscosity  of  EU10  and  1045  steels  was  measured 
in  another  xinit,  similar  to  the  one  described  in  #  3,  under  a  vacuum  of 
the  order  of  10“^  mn  Hg  in  a  crucible  of  smaller  size.  These  results 
are  also  Illustrated  in  Figure  13.  The  general  character  of  the  curves 
Indicates  that  the  kit^matlc  viscosity  of  steels  does  not  depend  to  a 
great  extent  upon  their  conqposition,  varying  approximately  from  1  centi- 
stoke  in  the  vicinity  of  the  liquidus  point  to  0.6  centistokes  at  a  tem¬ 
perature  of  1,600°  C. 

2.  Viscosity  of  Cast  Iron  and  Ferrochromes 

Measurements  of  the  viscosity  of  cast  iron  and  ferrochromes  were 
performed  in  a  similar  unit.  In  this  case,  part  of  the  tests  were  con¬ 
ducted  in  alumina  crucibles,  and  part  of  the  tests  in  graphite  cruci¬ 
bles.  In  the  latter  tests,  there  obviously  occurred  a  saturation  of 
the  alloy  with  carbon  up  to  a  concentration  which  reached  the  hyper- 
eutectlc  line  in  the  phase  diagrams  of  iron-carbon  and  chromium-carbon 
alloys. 

The  following  characteristic  pictxure  was  observed  dvirlng  all 
measxu'ements  in  graphite  crucibles.  During  the  measurement  of  the  vis¬ 
cosity,  no  pecxiliar  features  were  observed  in  the  heating  process. 
However,  when  the  metal  was  cooled  20-30°  below  the  maximum  temperature 
achieved  in  the  test,  as  soon  as  this  temperature  started  to  drop,  it 
was  noticed  that  the  value  of  the  decrement  started  to  drop  sharply  and 
the  oscillation  period  increased. 


This  fact  indicates  a  great  increase  in  the  viscosity  of  the 
liq\iid  (see  Figure  3).  The  reason  for  this  observed  phenomenon  lies  in 
the  fact  that  the  alloy  becomes  saturated  with  carbon  during  the  process 
of  heating,  and  when  it  is  cooled  by  20-30°  C,  free  graphite  is  sepa¬ 
rated  in  the  form  of  extremely  thin  plates,  known  to  metallurgists  ubder 
the  name  of  "refining  foam,"  which  were  clearly  visible  in  the  samples 
after  the  latter  had  cooled  down.  Apparently,  in  this  particular  case, 
we  are  confronted,  dviring  the  process  of  measurement,  with  a  hetero¬ 
genous  system  consisting  of  a  liquid  melt  and  "refining  foam"  suspended 
in  this  melt. 

In  view  of  the  great  spread  of  individual  decrement  values,  the 
results  listed  below  have  an  approxiniate  and  qualitative  character,  and 
refer  only  to  the  heating  process. 

The  viscosity  was  calculated  not  according  to  individual  decre¬ 
ment  values,  as  was  done  in  other  cases,  but  rather  in  the  following  man¬ 
ner.  Values  of  decrements  and  periods  were  plotted  in  a  graph  opposite 
to  the  corresponding  temperatures,  on  the  basis  of  which  smooth  curves 
were  plotted;  then,  values  of  the  kinematic  viscosity,  which  are  graphi¬ 
cally  illustrated  in  Figure  14,  were  calculated  on  the  basis  of  points 
on  these  curves,  located  at  a  distance  of  40°  C  from  each  other.  The 
error  in  the  location  of  extreme  points  on  straight  lines  may  be  as 
high  as  20%. 

The  composition  of  the  studied  alloys  is  given  in  Table  9. 

Table  9 


Con^osition  of  Alloy  Prior  to  Vis- 
cosity  Measurement _ 


Alloys 

l_Cr 

O 

%  Mn 

%  Si 

IP 

Alloy  No. 

1 

Measurements  in 

... 

3.7 

2.17 

0.97 

0.019 

0.018 

No. 

2 

alumina  crucibles 

40.29 

6.0 

1.90 

2.64 

No. 

3 

47.90 

7.0 

0.35 

2.50 

0.14 

No. 

4 

47.06 

7.0 

8.20 

2.50 

0.14 

Alloy  No. 

5 

Measurements  in 

29.70 

5.04 

0.78 

1.25 

No. 

6 

graphite  crucibles 

36.07 

7.50 

0.70 

1.35 

No. 

7 

47.50 

7.00 

2.58 

2.86 

No. 

8 

52.56 

7.88 

0.32 

1.03 

0.06 

0.076 

The  crucibles  used  had  an  internal  radius  ranging  from  0.75  to 
1.3  cm,  and  the  weight  of  the  metal  varied  from  23  to  50  g. 

In  spite  of  their  low  accuracy,  these  results,  together  with 
data  on  the  viscosity  of  steels,  point  out  a  factor  of  great  technical 
importance,  namely  that  the  kinematic  viscosity  of  the  tested  ferrous 
metals  does  not  depend  to  a  great  extent  upon  their  composition  and  is 
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approximately  equal  to  the  kinematic  viscosity  of  water.  From  here  we 
can  draw  the  conclusion  that  the  fluidity  of  ferrochrome  alloys  is  not 
so  much  determined  directly  by  the  viscosity  of  these  alloys,  as  ^le 
liquidus  point  (Note:  The  concept  of  ’’fluidity'*  (fluid  flow,  flowability) , 
vised  in  the  technical  field,  does  not  have  at  all  the  same  meaning  as 
the  concept  of  "viscosity"  (fluidity,  consistency),  which  is  expressed 
quantitatively  ly  the  reciprocal  dynamic  viscosity.  The  term  "fluidity" 
(fluid  flow)  does  not  have  a  strictly  established  physical  meaning,  in 
idew  of  the  fact  that  the  experimental  methods  for  determining  this 
value  Inclvide  the  effect  exerted  the  surface  tension  and  the  process 

of  heat  exchange  between  the  sample  of  the  liquid  metal  and  the  sur¬ 
rounding  medium.  There  is  even  no  reason  to  assert  that  viscous  proper¬ 
ties  in  general  play  a  dominant  role  in  the  determination  (definition) 
of  the  term  "fluidity"  (flviid  flow)). 

3.  Viscosity  of  Lead.  Tin  and  Bismuth  (3) 

With  the  aid  of  the  unit  schematically  illustrated  in  Figure  13, 
it  is  possible  to  perform  viscosity  measurements  at  temperatures  of  up 
to  850-900°  C.  Heat  Insulation  is  effected  means  of  a  system  of  pol¬ 
ished  nickel  screens.  The  instrument  is  placed  under  a  vacuum  hood,  and 
measvirements  are  performed  at  an  air  pressure  vinder  the  hood  equal  to 
10"3  -  10“^  mm  Hg.  The  resistance  furnace,  containing  a  Nichrome  wind¬ 
ing,  is  heated  by  an  alternating  current  through  an  autotransformer  with 
a  smooth  control  (variac);  the  current  was  as  high  as  2.3  amp  at  a  40  v 
voltage.  The  design  of  the  suspension  system  used  in  this  unit  is  il¬ 
lustrated  in  Figure  16.  The  crucibles  were  made  of  graphite.  Crucibles 
made  of  electrode  carbon  must  first  be  calcined  (fired)  in  a  vacuum, 
otherwise  the  hood  and  the  small  mirror  become  coated  with  a  film  during 
the  course  of  operations,  and  the  experiment  must  then  be  stopped.  The 
Initial  elastic  pulse,  which  iiqparts  a  torsional-oscillation  movement 
to  the  system,  is  created  with  the  aid  of  an  electromagnet  turning 
at  a  small  angle  the  upper  point  of  attachment  of  the  suspension  wire. 

A  diagram  of  this  section  of  the  unit  is  shown  in  Figure  17.  Efforts 
should  be  made  to  secure  a  minimum  rigidity  of  the  spring  6  and  the 
current  in  electromagnet  2,  by  pulling  in  its  core.  Otherwise,  a  sharp 
blow  of  the  lever  7  against  the  arresters  (holding  devices)  may  result 
in  a  thrust  which  will  set  the  suspension  system  into  a  swinging  motion. 

Figure  18  illustrates  a  second  possible  modification  of  a  twist¬ 
ing  mechanism,  which  transmits  a  manual  rotation  through  a  vacuum  cock, 
and  by  means  of  which  a  smooth  but  rapid  rotation  can  be  achieved. 

A  small  mirror  is  mounted  on  a  porcelain  stick  (rod),  coinciding 
with  the  axis  of  the  crucible.  The  amplitude  of  oscillations  and  the 
period  are  measured  according  to  the  light  beam  reflected  by  this  mirror. 

A  semi-transparent  scale  is  mounted  directly  on  the  vacuum  hood,  which 
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is  installed  in  such  a  way  that  its  axis  coincides  with  the  suspension 
wire. 

The  temperature  of  the  metal  is  measured  with  a  thermocouple 
installed  between  the  furnace  and  the  crucible.  This  method  of  meas¬ 
uring  the  teiqperatxire  of  the  metal  requires  a  preliminary  comparison 
of  the  readings  of  this  thermocouple  with  the  readings  of  the  thermo¬ 
couple  installed  inside  the  crucible.  Such  a  calibration  was  found  to 
be  sufficiently  stable,  if  the  measurements  are  performed  at  a  thermal 
state  of  the  furnace  close  to  the  stationary  state. 

A  compensating  (balancing)  circuit,  equipped  with  a  PPTV  po¬ 
tentiometer  is  used  for  measuring  the  thermoelectromotive  force  of  the 
thermocouple . 

The  oscillation  period  of  the  system  at  a  given  temperature  is 
determined  with  a  stopwatch  as  the  mean  value  of  6-10  series  of  oscil¬ 
lations  wherel^y  each  series  consists  of  3-6  periods. 

The  suspension  wire  must  coincide  with  the  axis  of  the  crucible, 
otherwise  plane  oscillations  will  be  observed.  Since  in  case  of  plane 
oscillations,  the  liquid  moves  together  with  the  crucible  as  a  whole, 
plane  oscillations  are  almost  undamped  and  distort  the  true  values  of 
the  attenuation  (damping)  decrements.  In  the  instrument  described 
here,  the  suspension  wire  was  fastened  in  miniature  three-jawed  chucks, 
rigidly  connected  with  the  suspension  system  and  the  rotating  mechanism. 

The  metal  samples  which  must  oe  tested  can  be  calculated  and  pre¬ 
pared  in  such  a  way  that,  during  the  smelting  of  the  sample,  a  contact 
of  the  metal  with  the  lid  of  the  crucible  is  secured.  Upon  further  heat¬ 
ing,  the  metal  expands  and  the  excess  metal  flows  out  into  the  free 
space  of  the  crucible  6  (Figure  16),  thus  always  ensuring  a  full  contact 
of  the  metal  and  the  crucible  on  all  surfaces  of  the  latter  during  the 
test. 

The  reading  of  the  initial  amplitude  is  effected  with  a  simul¬ 
taneous  start  of  the  stopwatch  after  several  oscillations.  Following 
4-6  oscillations  (depending  upon  the  value  of  the  decrement),  a  reading 
of  the  final  anplitude  is  made  and  the  stopwatch  is  stopped  at  the  same 
time.  At  least  8-10  such  measurements  should  be  performed  at  each  tem¬ 
perature. 

Naturally,  oscillations  can  be  recorded  on  a  photographic  film  by 
means  of  an  appropriate  scanning  mechanism,  connected  to  the  viscosi¬ 
meter.  The  time  recording  process  can  also  oe  automated  in  the  same  man¬ 
ner. 

Numerous  control  tests  have  shown  that,  when  the  unit  is  care¬ 
fully  assembled,  the  logarithms  of  successive  amplitudes,  depending 
upon  the  number  of  the  oscillation,  can  be  easily  arranged  (stacked)  in 
a  straight  line,  and  therefore  the  decrements  can  be  calculated  in  re¬ 
lation  to  the  initial  and  final  amplitude. 

As  was  already  mentioned  above,  the  design  of  the  suspension  sys¬ 
tem  described  above  makes  it  possible  to  perform  measurements  in  case 
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of  a  slight  oxidation  of  the  metal  surface  and  to  work  with  an  initial 
vacu\un  (rough  exhaust)  pumpi  without  using  a  diffusion  pump.  However, 
oxidation  can  be  avoided  and  measurements  can  be  performed  with  a  free 
surface  of  the  fused  metal  meniscus  if  a  diffusion  pump  of  the  TsVL-100 
or  MM-40  type  is  introduced  into  the  vacuum  system,  or  if  the  vacuum 
hood  is  filled  with  pure  argon  gas. 

It  is  possible  to  operate  in  the  presence  of  a  high  vacuum  only 
with  a  limited  number  of  metals,  possessing  a  sufficiently  low  vapor 
pressure  at  the  teiq[>erature  of  the  test.  It  is  impossible  to  use  luider 
a  high  vacuum  metals  which  have  a  noticeable  rate  of  evaporation,  since 
the  conduct  of  the  experiment  is  made  difficult  by  metal  vapors  con¬ 
densing  on  cold  parts  of  the  system.  The  presence  of  a  gaseous  atmos¬ 
phere  at  pressiures  which  ensure  the  absence  of  a  convection  (in  the 
presence  of  convection,  the  shielding  insulation  does  not  fulfill  its 
purpose  and  the  entire  unit  is  subject  to  strong  heating),  i.e.,  at 
pressures  of  the  order  of  10“2  to  10“^  mm  Hg,  greatly  reduces  the  harm¬ 
ful  effect  of  evaporation. 

The  following  order  in  which  the  experiment  should  be  conducted 
in  the  presence  of  a  free  surface  of  the  fused  metal  meniscus  can  be 
recommended.  While  the  diffusion  punqp  is  being  continuously  operated, 
the  metal  is  heated  for  a  long  time  below  its  melting  point,  in  order 
to  effect  a  degassing  of  the  entire  unit  and  of  the  sample.  After  the 
metal  has  been  fused,  the  pumping  unit  is  switched  off,  and  the  re¬ 
quired  amount  of  pure  argon  is  introduced  under  the  hood,  until  the 
pressvire  under  the  hood  roaches  a  value  of  about  10“"*  to  1  mm  Hg.  It 
is  necessary  to  keep  in  mind  that  technical  argon  contains  a  small 
amouint  of  oxygen.  After  a  stationary  state  has  been  established,  the 
viscosity  measurement  is  performed.  The  gaseous  atmosphere  under  the 
hood  should  be  periodically  renewed  by  pumping  out  the  gas  while  the 
source  of  argon  supply  is  connected  to  the  unit,  in  order  that  during 
this  operation  the  pressure  should  not  drop  below  the  limit  established 
during  the  course  of  measurement.  Otherwise,  a  metal  film,  which  will 
prevent  the  fxirther  conduct  of  measurements,  will  form  rapidly  on  the 
mirror  and  on  the  walls  of  the  hood. 

Both  basic  as  well  as  auxiliary  measurements,  concerned  with  the 
determination  of  the  temperature  dependence  of  the  decrement  and  period 
in  case  of  an  empty  crucible,  should  be  performed  at  a  constant  pressure 
of  the  gaseous  medium  under  the  hood.  In  this  manner,  it  is  possible  to 
achieve  a  good  reproducibility  of  the  attenuation  decrement  of  the  empty 
system.  The  mean  accidental  (random)  error  in  the  viscosity  values, 
measured  in  such  an  instrument,  amounts  to  t  ^%, 

In  the  case  of  tin  and  lead,  the  viscosity  was  calculated  by  taking 
into  account  the  correction  for  the  protruding  column  6  (Figure  16).  The 
magnitude  of  this  correction  at  d00°  C  amounted  to  65t  for  tin,  and  for 
lead. 
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In  case  of  bismuth,  the  above-mentioned  correction  was  not  taken 
into  account,  and  this  could  have  resulted  in  a  reduction  of  the  vis¬ 
cosity  values  obtained  at  800O  C  of  not  more  than  1.5/?,  as  compared  to 
the  true  values.  Experimental  results  on  the  viscosity  of  lead,  tin  and 
bismuth  are  presented  in  Figure  19. 

4.  Viscosity  of  Aluminum 

The  viscosity  of  aluminum  was  measured  in  graphite  crucibles  by 
means  of  the  unit  described  in  the  preceding  paragraph. 

The  very  first  tests  showed  that,  if  an  air  pressure  of  10"^  to 
1  mm  Hg  is  maintained  under  the  hood,  there  is  no  recurrence  of  the  re¬ 
sults  and  there  is  a  general  tendency  of  a  growth  in  the  viscosity  with 
an  inci-ease  in  the  time  during  which  aluminum  remains  in  the  fused 
state.  This  phenomenon  is  due  to  the  fact  that,  in  view  of  the  high 
oxidability  of  aluminum  and  the  relatively  low  mechanical  strength  of 
the  oxide  film  formed  on  the  fused  metal,  lower  oxides  are  able  to 
penetrate  inside  the  metal  during  the  time  the  crucible  is  in  motion, 
thereby  forming  a  heterogeneous  system. 

A  number  of  special  tests  were  set  up  in  order  to  clarify  this 
problem.  A  sample  consisting  of  99.7!?  pure  aluminum  was  cut  out  of  a 
solid  olock  (ingot)  and  was  suojected  to  an  investigation  at  an  air 
pressure  under  the  hood  of  10“ 3  miii  Hg. 

At  the  same  time,  the  crucible  was  filled  with  metal  in  such  a 
way  that  excess  metal  protruded  into  the  free  space  6  (see  Figure  16). 
The  correction  for  the  protruding  column  amounted  to  ’}t.  On  the  basis 
of  the  results  thus  obtained,  curve  1,  shown  in  Figure  20,  was  plotted. 

A  sample  from  the  same  piece  of  aluminum  was  then  smelted  in  an 
open  furnace  and  the  liquid  metal  was  poured  into  a  graphite  cruciole. 
The  height  of  the  cast  sample  was  selected  in  such  a  imanner  as  to  avoid 
a  contact  of  the  free  meniscus  with  the  lid  of  the  crucible.  The 
pressure  of  the  air  environment  duririg  the  course  of  measurements  was 
maintained  between  10”"'  and  1  ram  Hg.  Curve  2  represents  the  result  of 
the  calculation  performed  in  the  assumption  that  a  rigid  oxide  film, 
which  constitutes  the  friction  surface,  is  formed  on  top  of  the  metal. 

On  the  other  hand,  if  we  start  from  the  assum.ption  that  no  oxide  film 
is  present,  i.e.,  that  there  is  no  friction  on  the  surface  of  the  metal 
meniscus,  then  we  get  a  curve  2'  (see  Figure  20). 

Later,  the  same  sample  was  kept  for  several  hours  in  a  fused 
state  at  a  temperature  of  800°  C,  and  new  measurements  yielded  the  re¬ 
sults  illustrated  by  curve  3.  when  the  saJ^.ple  was  further  niaintained 
at  the  same  temperature  for  1  hour,  a  certain  increase  in  the  viscosity 
was  ODserved  (curve  4  in  Figure  20). 

From  here  we  can  draw  the  conclusion  that  the  viscosity  of  alu- 
minvim,  exposed  to  an  oxidizing  atmosphere,  increases  under  the,  action 
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of  the  oxidation  process.  The  presence  of  insignificant  amounts  of 
lower  oxides,  present  in  the  metal  and  forming  a  heterogenous  system, 
is  sufficient  to  effect  such  an  increase  in  viscosity.  This  conclusion 
is  important  from  a  technical  standpoint,  since  it  was  found  that  the 
viscosity  of  technical  aluminum  during  the  casting  process  is  higher 
than  the  viscosity  of  pure  aluminum,  present  under  conditions  which 
guarantee  the  absence  of  any  oxidation.  In  this  connection,  it  should 
be  noted  that,  according  to  measurements  performed  by  E.  V.  Polyak  and 
S.  V.  Sergeyev  (4),  the  kinematic  viscosity  of  aluminum,  measured  by 
the  method  involving  oscillations  of  a  small  ball  in  an  open  crucible, 
varies  from  2.6  to  0.57  centistokes  when  the  temperature  varies  from 
670  to  800°  C.  These  figures  are  sharply  contradicted  by  the  results 
of  our  measurements  and  this  contradiction  can  be  explained  in  the  fol¬ 
lowing  manner. 

In  the  unit  used  by  the  above  authors,  the  rod  attached  to  the 
small  ball  immersed  into  the  metal  ran  through  the  surface  of  fused 
aluminum,  and  dissipation  effects  resulting  from  the  interaction  of  the 
surface  layer  with  the  rod  were  noticeable  during  rotary  oscillations 
of  the  system.  The  authors  point  out  that  the  viscosity  data,  ob¬ 
tained  by  them  in  the  presence  of  a  flux  (carnollite) ,  were  somewhat 
lower  than  the  data  obtained  without  using  a  flux.  This  fact  clearly 
indicates  the  infl\ience  of  an  oxide  film  (see  reference  11  in  Chap¬ 
ter  I).  In  addition,  however,  the  surface  tension  of  the  metal,  caus¬ 
ing  additional  dissipation  effects  dviring  the  rotation  of  the  rod,  must 
exert  an  influence  in  these  tests.  It  is  natural,  therefore,  that  at  a 
temperature  of  800°  C,  when  the  surface  tension  is  small,  the  authors 
obtained  data  close  to  the  viscosity  of  oxidized  sduminum  and  which  co¬ 
incide  approximately  with  the  ends  of  curves  3  and  4*  At  a  ten^erature 
close  to  the  crystallization  point,  the  viscosity  of  2.6  centistokes, 
obtained  by  E.  V.  Polyak  and  S.  V.  Sergeyev,  does  not  correspond  to  the 
actual  value,  and  the  figure  obtained  is  caused  by  surface  sources  re¬ 
sponsible  for  the  dissipation  of  the  oscillation  energy. 

5.  Viscosity  of  Tin- Lead  Alloys  (5) 

The  viscosity  of  tin-lead  alloys  was  studied  in  the  unit  de¬ 
scribed  in  ^  3«  The  air  pressure  under  the  hood  was  maintained  at  10“^ 
mm  Hg.  Alloys,  having  the  composition  listed  in  Table  10,  were  studied. 


Alloy  Number  1 

I  Jn  9V.92 

Po 


Table  10 
2  3 

80.12  65.30 

19.90  34.66 


4  5 

40.39  19.62 

59.59  80.44 


b 

0.057 

99.37 
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The  probable  error  of  individual  measurements  was  ecjual  to  2-35?. 

Figure  21  shows  a  comparison  of  data  for  tin  and  lead  with  the 
results  given  in  #  3  of  this  chapter.  From  this  figure  it  can  oe  seen 
that  there  is  a  discrepancy  between  these  data  in  the  temperature  region 
covering  a  range  of  about  100°  C  near  the  melting  point.  The  same  fig¬ 
ure  also  gives  the  results  obtained  by  I.  F.  Golubev  and  V.  A.  Petrov  (6), 
Sauerwald  and  Topler  (7)  and  Schott  (extracted  from  Landolt-Bfirnstein 
tables))  obtained  by  the  capillary  method  and  recalculated  for  the 
kinematic  viscosity.  All  these  results  are  in  good  agreement  with  the 
data  presented  in  #  3»  and  discrepancies  are  observed  only  in  the  tem¬ 
perature  region  near  the  crystallization  point.  Results  of  the  measure¬ 
ment  of  the  viscosity  of  Sn-Pb  alloys  are  presented  in  Figure  22,  and 
viscosity-composition  isotherms  for  the  alloy  being  tested  are  presented 
in  Figure  23.  As  can  oe  seen  from  this  figure,  a  weakly  expressed  spe¬ 
cial  point,  represented  in  the  figure  by  a  dotted  line,  is  observed  near 
the  eutectic  concentration  of  the  alloy. 

6.  Viscosity  of  Tin-Bismuth  Alloys  (8) 

The  study  of  these  alloys  was  conducted  with  the  viscosimeter 
described  in  jf  3»  the  design  of  which  was  slightly  modified.  In  the 
upper  section  of  the  furnace  muffle,  instead  of  shields,  a  lid  was  in¬ 
stalled,  which  was  provided  with  an  additional  electric  heating  system, 
in  order  to  ensure  a  uniform  temperature  field  along  the  height  of  the 
mul’fle.  This  arrangement  was  dictated  Oy  the  desire  to  reduce  the  con¬ 
densation  of  metal  vapors  on  the  lid  of  the  crucible.  According  to  the 
curve  represented  in  Figvire  7,  a  noticeable  influence  of  condensation 
phenomena  can  be  expected,  starting  approximately  at  iiOO®  C.  However, 
since  measurements  were  performed  under  a  pressure  of  5-9  •  10“^  mm  Hg, 
and  the  presence  of  air  molecules  prevents  the  establishment  of  a  sta¬ 
tionary  distribution  of  the  pressure  of  metal  vapors  in  the  space  be¬ 
tween  the  free  surface  of  the  metal  and  the  lid  of  the  crucible,  this 
temperature  must  oe  considered  as  somewhat  lower  than  the  actual  tem¬ 
perature. 

All  measurements  were  conducted  with  a  free  surface  of  the  fused 
metal.  At  the  air  pressure  indicated  above,  no  oxidation  of  the  samples 
took  place,  and  there  was  certainly  no  friction  surface  on  the  upper 
base  of  the  liquid  cylinder  (after  the  tests,  the  samples  retained  their 
metallic  gloss). 

The  second  structural  change  in  the  unit  was  concerned  with  the 
method  for  measuring  the  temperature  (Figure  24).  Although  the  inser¬ 
tion  of  a  thermocouple  inside  the  crucible  makes  the  handling  of  tne 
viscosimeter  more  difficult,  it  offers  a  definite  advantage  in  regard 
to  the  accuracy  with  which  the  temperature  oi‘  the  metal  is  measured. 

The  study  covered  alloys  having  the  composition  listed  in  Table  11. 
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Table  11 


Alloy 

Numoer 

1  2 

3 

4 

5 

6 

7 

8 

9  10 

%  Bi 

100  89.43 

78.97 

72.31 

56.72 

46. 44 

28.46 

19.72 

9.96  — 

1o  Sn 

—  10.36 

20.98 

27.53 

43.39 

53.65 

71.39 

80.39 

90.10  100 

The  vapor  pressure  of  fused  bismuth  is  slightly  higher  than  that 
of  lead,  and  much  higher  than  that  of  tin  (at  the  same  temperatures). 

For  this  reason,  in  spite  of  the  precautionary  measures  adopted,  a  con¬ 
densation  of  metal  on  the  lid  of  the  crucible  was  ooserved  to  take  place 
to  a  limited  extent.  After  the  end  of  the  tests,  in  the  case  of  alloys 
with  a  high  bismuth  content  (Nos.  1-6),  individual  droplets  of  condensed 
metal  were  observed  on  the  inside  surface  of  the  crucible  lid,  which 
were  uniformly  distributed  over  the  entire  surface.  These  droplets 
form  a  combined  mass  for  the  crucible  and  a  spait  mass  for  the  sample. 
Equation  (3.90)  gives  an  expression  for  the  correction  which  must  be 
made  on  the  viscosity  values  calculated  in  the  usual  manner,  and  it  is 
indispensable  to  introduce  this  correction  in  this  case.  The  magnitude 
of  this  correction,  for  individual  viscosity  values  of  pure  bismuth, 
amounted  to  as  much  as  3»55?»  and  did  not  exceed  1.5-2f,  in  the  case  of 
alloys. 

As  a  result  of  the  measurement  of  the  vertical  temperature  dis¬ 
tribution  in  the  muffle,  in  the  presence  of  a  suspension  system,  it  was 
assumed  that  the  temperature  difference  between  the  free  surface  of  the 
metal  and  the  lid  of  the  crucible  did  not  exceed  3-5°  C.  Since  bismuth 
is  primarily  the  evaporating  component  in  the  tested  alloy,  no  notice¬ 
able  condensation  can  take  place  up  to  500°  C,  as  was  mentioned  above. 
Therefore,  if  the  alloy  had  not  yet  been  heated  above  this  temperature, 
no  correction  to  account  for  condensation  was  introduced.  If,  on  the 
other  hand,  the  alloy  had  been  heated  to  a  temperature  above  500°  C, 
and  droplets  of  solidified  metal  were  observed  on  the  lid  after  com¬ 
pletion  of  the  test,  then  a  correction  in  accordance  with  equation 
(3.90)  was  introduced  in  all  viscosity  values  obtained  after  the  maxi¬ 
mum  test  temperature  was  achieved. 

For  example,  in  the  case  of  pure  bismuth,  the  amount  of  metal 
condensed  on  the  lid  was  equal  to  0.764  g,  as  compared  to  the  total 
mass  of  the  sample  of  50  g.  This  case  represents  the  most  striking 
example  of  condensation.  Following  the  introduction  of  an  appropriate 
correction,  amounting  to  3.5^C,  the  resulting  viscosity  values  of  bismuth 
coincided  well  over  the  entire  temperature  range  with  the  results  of 
previous  measurements,  listed  in  3. 

Figure  25  shows  the  temperature  dependence  of  the  kinematic  vis¬ 
cosity  of  Sn-Bi  alloys.  The  accuracy  of  the  results  can  be  estimated 
at  2%,  Viscosity  isotherms  for  all  alloys  are  shown  in  Figure  26. 
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In  regard  to  all  of  the  data  on  the  viscosity  o:'  tin  arid  Sn-Bi 
alloys  listed  above,  it  should  be  noted  that  these  data  were  ootained 
either  during  the  process  of  temperature  increase  of  the  sample,  start¬ 
ing  in  each  test  with  the  solid  state,  or  during  the  process  of  cooling 
of  the  sample,  in  case  its  maximum  temperature  did  not  exceed  600°  C. 

Thus  the  graphs  shown  in  Figure  25  do  not  contain  any  points  which  would 
correspond  to  a  measurement  of  the  viscosity  in  the  direction  of  a  toii:- 
perature  decrease,  in  case  tnis  temperature  was  higher  than  600°  C  in  a 
given  continuous  test.  It  should  also  be  emphasized  that  reference  to 
a  heating  or  cooling  does  not  mean  a  digression  from  a  stationary  ther¬ 
mal  state  of  the  system  during  the  course  of  each  individual  measurement 
at  a  given  temperature. 

7.  Viscos  ity_  of  Tin  During  Supercooling  (9) 

Tin  can  easily  be  supercooled  and  therefore  affords  extensive 
possibilities  for  studying  the  temperature  dependence  of  physical  proper¬ 
ties  of  liquid  metals,  and  specifically  of  the  viscosity,  during  tne 
process  of  supercooling  of  a  metal.  The  result  obtained  is  illustrated 
in  Figure  27. 

It  was  found  that,  during  the  cooling  of  supercooled  tin,  the 
curve  showing  the  ten^erature  dependence  of  the  viscosity  oranches  off 
into  a  region  of  lower  values,  in  comparison  to  the  "normal"  curve  (i.e,, 
the  curve  obtained  during  the  process  of  heating).  This  branching  takes 
place  in  an  interval  of  several  score  of  degrees  prior  to  the  equilibrium 
crystallization  point.  When  the  temperature  drops  further,  the  viscosity 
increases,  retaining,  in  the  region  wnere  supercoolir^g  takes  place,  a 
value  of  tne  same  order  as  the  one  observed  during  the  fusion  process. 

A  oranching  of  the  viscosity  curve  was  oDserved  only  in  those 
cases  when  the  mets.l  was  l.ater  subjected  to  supercooliiig.  In  those 
cases  when  supercooling  was  not  ooserved,  there  was  also  no  oranching 
of  the  viscosity  curve. 

It  should  be  noted  that  each  value  of  the  viscosity  duriar  the 
cooling  process  and  in  the  region  of  supercooling  was  determined  at  a 
stationary  temperature. 

As  the  measurements  performed  oy  G.  1.  Goryaga  have  snown,  bis¬ 
muth  behaves  in  the  same  manner  as  tin,  since  this  metal  is  also  easily 
suDject  to  supercooling. 

Thus,  the  process  involving  a  branching  of  the  temperature  vs. 
viscosity  curve  precedes  a  supercooling.  If  no  branching  is  ooserved, 
there  is  no  supercooling. 

The  oranching  of  the  viscosity  curve  and  supercooling  represent 
two  sides  (aspects)  o.'  the  same  phenomenon. 
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8.  Viscosity  of  Lead-Bismuth  Alloys. 

Viscosity  in  a  Heterogenous  Ret;ion  (10) 

The  viscosity  oi"  this  type  Oi’  alloy  was  studied  with  the  aid  of 
a  viscosimeter,  designed  on  the  oasis  of  an  open  tubular  furnace  of  1  kw 
power  with  a  maximum  temperature  in  the  comoustion  space  of  800°  C.  The 
furnace  was  500  mm  long  and  the  diameter  of  the  tube  was  40  mm. 

The  diagram  of  temperature  measurement  is  illustrated  in  Figure 
24.  The  crucibles  are  made  of  graphite  and  are  coated  on  the  outside 
with  a  ceramic  paste  (cement),  which  protects  the  graphite  from  burning 
up.  The  structure  of  the  crucible,  containing  90  g  of  alloy,  is  il¬ 
lustrated  in  Figure  28.  The  floating  lid  can  be  moved  freely  up  and 
down,  out  has  no  rotational  degree  of  freedom  in  relation  to  the  cruci¬ 
ble.  This  lid  always  ensures  the  presence  of  an  upper  end  surface  of 
the  cruciole.  As  a  result  of  such  a  crucible  design,  measurements  can 
be  performed  at  atmospheric  pressure,  and  there  is  practically  no  evapo¬ 
ration  and  condensation  of  metal  on  the  lid  of  the  crucicle. 

By  using  the  floating  lid,  the  mass  of  the  sample  always  remains 
constant,  and  thus  it  is  not  necessary  to  introduce  a  correction  for 
the  protruding  coltunn  (see  §  11  in  Chapter  III). 

The  instrument  was  equipped  with  a  photographic  recording  of  the 
oscillations,  with  a  simultaneous  image  of  the  scale  for  reading  the 
amplitudes  and  the  time  markings  of  the  pendulum. 

The  measurements  are  performed  at  a  constant  growth  of  the  tem¬ 
perature  with  a  speed  oi’  1°  per  minute.  The  results  of  measurements 
are  shown  in  Figure  29. 

During  passage  through  the  liquidus  line,  the  viscosity  of  the 
heterogeneous  alloy  increases  approximately  500  times  in  a  temperature 
interval  of  about  20°  C.  It  can  be  easily  seen  (Figoire  3)  that,  in  this 
case,  a  transition  takes  place  from  the  first  into  the  secoiid  region 
(i.e.,  from  the  region  of  low-viscosity  to  high-viscosity  liquids),  and 
a  rriathematical  system  corresponding  to  these  regions  was  used  in  cal¬ 
culating  the  viscosity.  In  view  of  the  fact  that,  in  the  region  cor¬ 
responding  to  a  heterogeneous  state  of  tne  alloy,  the  viscosity  changes 
with  the  temperature  in  an  extremely  rharp  manner,  the  temperature  must 
be  determined  with  a  high  degree  of  accuracy.  For  this  reason,  the 
readings  of  the  thermiocouple,  m.ounted  inside  the  crucible,  were  spe¬ 
cially  compared  with  the  readings  of  a  thermocouple  inserted  directly 
into  the  metal.  The  corresponding  correction  did  not  exceed  1.5°  C  (at 
the  lowest  temperature),  and  was  rapidly  reduced  to  zero  when  the  tem¬ 
perature  w-ts  increased. 

The  outained  results  on  the  viscosity  ol’  a  lead-bismuth  alloy  in 
the  heterogeneous  region  of  the  fusion  diagram  conl'irm  the  observations 
nade  during  the  measurem.ent  of  the  viscosity  o;  cast  iron  (see  //  2  of 
this  ch'ipter)  and  indicate  tnat,  even  in  case  of  a  very  insignificant 
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shift  in  the  temperature  of  the  alloy  below  the  liquidus  line,  the  vis¬ 
cosity  of  the  system  exhibits  an  extremely  sharp  increase.  The  reason 
for  this  phenomenon  lies  in  the  deposition  (precipitation)  of  crystals 
of  the  solid  phase  of  one  of  the  components.  The  heterogeneous  medium 
formed  in  this  manner  possesses  a  low  fluidity,  in  spite  of  the  insig¬ 
nificant  number  of  solid  small  crystals  present  in  this  medium. 

9.  Viscosity  of  Zinc  and  Cadmium 

Measurements  of  the  viscosity  of  zinc  and  cadmium  were  performed 
oy  I.  S.  Kuznetsova  during  the  course  of  her  graduation  work  at  the 
fhysics  Faculty  of  Moscow  State  University  in  1953. 

Both  of  these  metals  are  highly  volatile,  and  it  was  therefore 
necessary  to  use  a  hermetically  sealed  crucible.  I,  S.  Kuznetsova 
used  a  suspension  system  having  the  following  design.  The  graphite 
crucible,  containing  the  metal  to  be  tested,  was  placed  into  a  cylin¬ 
drical  quartz  jacket  (casing),  which  was  drawn  out  at  the  top  into  a 
thin  tube  and  sealed  during  the  course  of  evacuation  with  a  vacuum 
pump.  The  upper  part  of  the  quartz  jacket  (unsoldering)  was  inserted 
into  the  bushing  of  the  suspension  system  and  fastened  by  means  of  a 
ceramic  paste  (cement).  During  this  operation,  special  attention  should 
oe  given  to  an  accurate  alignment  of  the  component  parts  of  the  suspen¬ 
sion  system.  The  soldered  joint  of  the  thermocouple  was  located  on  the 
unsoldering  of  the  quartz  jacket  of  the  crucible,  and  the  thermocouple 
wires  ran  inside  the  rod  of  the  suspension  system,  whereby  this  rod 
consisted  of  a  two-channel  porcelain  tube.  The  wires  of  the  thermo¬ 
couple  extended  into  the  upper  section  of  the  porcelain  tuoe  and 
were  twisted  down  in  the  form  of  short  terminals  (ends),  running  paral¬ 
lel  to  the  tube.  Outside  of  the  suspension  system,  a  special  mechanism 
was  installed,  containing  mooile  mercury  contacts  which  were  placed 
under  the  free  terminals  of  the  thermocouple  at  the  time  the  tempera¬ 
ture  was  measured,  thereby  closing  a  circuit  used  for  measuring  the 
thermo-eraf.  During  the  course  of  oscillations  of  the  suspension  system, 
the  terminals  of  the  thermocouple  remained  free.  This  method  of  meas¬ 
uring  the  temperature  was  found  to  be  very  convenient.  Heating  was  ef¬ 
fected  by  means  of  an  open  tubular  furn/ice. 

In  the  tests  performed  oy  I.  S.  Kuznetsova,  the  metals  to  be 
tested  were  first  purified  by  removing  insoluole  impurities  by  repeated 
recrystallization  in  vacuiun.  For  this  purpose,  a  unit  for  growing  single 
crystals  was  used,  by  m.eans  of  which  it  was  possible  to  achieve  a  clow 
cooling,  starting  from  the  lower  portion  of  tne  vacuum  tute.  The  pre¬ 
pared  sample,  together  with  the  graphite  crucible,  was  placed  into  a  wide 
vacuum  tuoe  and  was  remelted  into  the  crucible.  The  crucible  containing 
the  sample  to  be  tested  was  placed  in  an  almost  uniform  temperature  zone 
of  the  furnace,  although  there  was  a  slight  overheating  of  2-3°  at  tne 
top  of  the  quartz  Jacket.  In  this  manner,  it  was  possiule  to  avoid  a 
condensation  of  metal  vapors  on  internal  surfaces  of  the  quartz  jacket 
during  the  stationary  thermal  state  and  during  the  heating  process. 
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The  results  of  the  measurement  of  the  viscosity  of  zinc  suid  cad¬ 
mium,  obtained  by  I.  S.  Kuznetsova,  are  shown  in  Figure  30,  These  data 
refer  to  the  heating  process.  As  soon  as  the  furnace  started  to  cool 
off,  the  temperature  in  the  upper  portion  of  the  zone  containing  the 
crucible  dropped  below  the  temperature  of  the  metal,  and  an  intensive 
condensation  of  vapors  took  place  in  the  upper  section  of  the  quartz 
jacket,  which  resulted  in  a  noticeable  distortion  of  the  results. 

In  the  case  of  zinc,  two  types  of  measurements  were  performed. 

The  first  type  of  measurements  involved  a  sealing  under  vacuum  of  the 
quartz  jacket  containing  the  graphite  crucible,  and  in  the  second  type 
of  measurement  the  jacket  was  sealed  under  atmospheric  pressure.  The 
results  of  both  measurements,  calculated  by  taking  the  free  surface  of 
the  metal  meniscus  into  account,  agreed  well  with  each  other.  Conse¬ 
quently,  if  air  is  not  allowed  to  enter  the  crucible,  it  does  not 
matter  whether  the  jacket  containing  the  crucible  was  evacuated  or  not. 

Both  metals  belong  to  the  second  group  of  the  periodic  system 
and  possess,  in  the  solid  state,  a  loosely  packed  hexagonal  structure 
with  a  ratio  of  axes  c/a  close  to  1 .9.  In  spite  of  this  fact,  a  great 
difference  in  the  viscosity  values  of  zinc  and  cadmiiun  can  be  ooserved 
upon  comparing  the  curves  showing  the  temperature  dependence  of  the 
kinematic  viscosity  of  these  metals, 

10.  Certain  Remarks  Concerning  the  Design  of  the  Viscosimeter 

The  viscosimeter  is  highly  sensitive  to  vibrations.  The  plane 
oscillations  of  the  suspension  system,  arising  as  a  result  of  external 
influences} have  an  extremely  slow  daiqping  rate,  since  the  absorption 
of  energy  in  these  oscillations  is  very  small.  Plane  oscillations  may 
act  as  a  source  of  great  errors  during  the  determination  of  the  damping 
ratio.  Serious  attention  must  be  given  to  this  fact  during  the  design 
and  assembly  of  the  instrument.  In  order  to  reduce  these  influences, 
it  is  desirable  to  use  special  anti-vibration  supports,  known  in  the 
laboratory  technique  (11). 

The  suspension  system  is  the  most  important  part  of  the  instru¬ 
ment.  The  selection  of  its  structure  (design),  of  the  crucible  material 
and  of  the  method  for  measuring  the  temperature  is  determined  primarily 
oy  the  nature  of  the  problems  which  have  to  be  solved  during  the  study 
of  the  viscosity  of  metals.  The  entire  system  will  be  sia^)le  if  one 
can  be  satisfied  with  a  low  accuracy  of  the  results  obtained  (equal  to 
several  percent),  and  will  be  accordingly  more  complex  in  regard  to 
manufacture  and  assembly  as  well  as  in  regard  to  the  quality  of  the  ma¬ 
terials  used,  if  high  requirements  on  the  accuracy  of  the  results  are 
established. 

Unannealed  copper  can  ue  recommended  as  a  readily  available  and 
conveniently  used  material  for  the  suspension  wire.  Unannealed  copper 
wires  have  a  low  natural  damping  ratio  and  a  weak  dependence  of  this 
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ratio  upon  the  amplitude.  In  the  case  of  most  metal  wires,  the  natural 
damping  ratio  under  a  load  decreases  with  the  course  of  time;  after  the 
load  has  been  thrown  off,  this  ratio  assumes  its  original  value  more  or 
less  rapidly.  In  the  case  of  unannealed  copper  wire,  these  variations 
of  the  decrement  (ratio)  with  time  are  practically  independent  of  the 
value  of  the  amplitude.  The  stationary  value  of  the  damping  ratio  of 
a  loaded  wire  amounts  to  about  50^  of  the  original  ratio,  and  this  value 
is  reached  after  approximately  2  days.  In  view  of  the  above-mentioned 
time  dependence  of  the  damping  ratio,  efforts  should  oe  made  to  secure 
a  minimum  value  of  tne  damping  ratio  in  an  empty  system. 

Regardless  of  the  conditions  under  which  measurements  of  the 
viscosity  of  metals  are  performed,  it  is  necessary  to  achieve  a  certain 
overheating  of  the  lid  of  the  crucible  in  relation  to  its  bottom.  This 
measiore  will,  first,  prevent  the  formation  of  convection  in  the  cruciole, 
and,  second,  will  prevent  the  condensation  of  metal  vapors  on  the  walls 
and  lid  of  the  crucible.  The  phenomenon  of  condensation  requires  the 
introduction  of  a  special  correction  (see  ^  12  in  Chapter  3)  into  the 
formulas  used  in  calculating  the  viscosity;  the  practical  consideration 
of  this  correction  at  different  temperatures  is  greatly  complicated  by 
the  complex  nature  of  the  condensation  kinetics. 

When  studying  the  viscosity  of  highly  volatile  metals, 
for  example,  cadmium,  antimony  or  zinc,  special  measures  should  oe 
adopted  to  combat  metal  evaporation.  Two  different  kinds  of  methods 
can  oe  used  for  this  purpose:  either  a  hermetic  sealing  of  the  crucible, 
following  a  preliminary  degassing  of  its  internal  volume,  containing  the 
metal  sample  (for  example,  by  using  methods  commonly  used  in  the  vacuum 
technique),  or  else  (which,  ol‘  course,  is  a  less  radical  measure),  oy 
conducting  the  experiments  under  a  normal  and  elevated  pressure  of  the 
gaseous  atmosphere  surrounding  the  sample.  If  this  atmosphere  had  an 
oxidizing  nature  (air),  then  it  is  indispensable  to  secure  a  contact 
of  tne  upper  surl'ace  of  the  metal  with  the  lid  of  the  crucible,  in  order 
to  create  at  this  point  a  reliaole  friction  surface.  If  the  atmosphere 
around  the  sample  is  a  neutral  one,  and  the  sample  was  not  at  first 
noticeably  oxidized,  then  its  upper  surface  (meniscus)  can  remain  free. 

In  order  to  record  the  damped  oscillations  of  tne  suspension  sys¬ 
tem,  it  is  sometimes  convenient  to  use  a  device  for  the  photographic 
scannir.;-  of  these  oscillations.  However,  one  should  keep  in  mind  that 
the  processing;  of  photogranis  consumes  additional  time.  If  the  unit  is 
carefully  assembled  and  a  linear  dependence  between  the  logarithm  of 
the  amplitude  and  the  oscillation  number  is  ensured,  it  is  usually  not 
necessary  to  use  a  photorecording  system. 

The  processing  of  the  results  of  ooservations,  in  spite  of  the 
complex  nature  of  tne  formulas  used  for  calculating  the  viscosity, 
usually  does  not  present  any  particular  difficulties  when  using  a  cor¬ 
rect  calculating  system. 
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Chapter  V 

Connection  Between  the  hydrodynamics  of  a  Vi;^cous  Liquid 
and  the  Theory  of  Hereditary  Media  and  Rheology 

1 .  Tangential  and  Bulk  Viscosity 

The  viscous  properties  of  a  liquid  are  characterized  by  tne 
following  two  viscosity  factors:  the  tangential  viscosity  T|,  cor¬ 
responding  to  the  velocity  of  shear  deformation,  and  the  bulk  vis¬ 
cosity  1)',  corresponding  to  tne  rate  of  deformation  oi'  a  unil’orm  volume 
compression  (or  expansion). 

Already  Jtokes,  in  the  course  of  his  derivation  of  equations 
describing  the  motion  of  a  viscous  liquid,  realized  the  necessity  of 
taking  into  consideration  viscous  properties  with  the  aid  of  two  vis¬ 
cosity  factors,  rioting  at  the  same  time  that,  in  those  cases  when  the 
density  can  be  considered,  without  a  noticeable  error,  as  constant  or 
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varying  slowly  in  time,  it  can  be  assumed  that  T)*  =  0.  In  addition, 
Stokes  pointed  out  that  1^'  =  0,  il'  we  assume  that,  in  case  of  a  uniform 
expansion,  the  pressure  in  each  moment  of  time  depends  only  on  the 
density  and  the  temperature,  and  not  on  the  rate  of  expansion.  Thus, 
Stokes  did  not  assume  by  any  means  that  Tl'  is  generally  equal  to  zero 
and  may  be  disregarded  in  case  of  compressiole  liquids  (1).  However, 
later  on,  almost  all  authors  excluded  from  hydrodynamic  equations  terms 
containing  Tl',  referring  usually  in  this  connection  to  "Stokes'  hypothe¬ 
sis,"  whereoy  they  implied  that  the  last  portion  of  the  above-mentioned 
considerations  proposed  by  Stokes  constitutes  such  a  hypothesis. 

Both  viscosity  factors  are  introduced  into  hydrodyneunics,  start¬ 
ing  from  the  assximption  made  by  Newton,  which,  in  its  present  formula¬ 
tion,  states  that  the  components  of  the  tensor  of  viscous  stresses  are 
linearly  connected  with  the  components  of  the  tensor  of  the  deformation 
rates. 

There  is  a  formal  analogy  between  Newton's  law  of  internal  fric¬ 
tion  and  Hooke's  law  of  elasticity,  which  consists  in  the  fact  that 
viscous  stresses  are  related  in  the  same  manner  to  deformation  rates 
as  elastic  stresses  to  the  actual  deformations.  This  analogy  is  mani¬ 
fested,  on  the  other  hand,  in  the  same  relation  between  the  energy  of 
elastic  deformation  and  Rayleigh's  dissipation  function  and  elastic  and 
viscous  stresses,  respectively  (2), 

During  the  derivation  of  equations  describing  the  motion  of  a 
viscous  liq\ild,  it  is  assumed  that  only  hydrostatic  pressvure  forces  are 
present  in  the  liquid,  which  manifest  themselves  dxiring  volume  deforma¬ 
tions,  as  well  as  internal  friction  forces,  which  exert  their  effeot 
both  during  shear  and  volume  deformations,  and  which  are  proportional 
to  the  corresponding  deformation  rates.  Both  of  these  forces  are  inde¬ 
pendent  of  each  other  and  are  governed  by  the  law  of  superposition. 

The  Navier-Stokes  motion  equation,  obtained  under  these  conditions, 
when  expressed  in  vector  form,  has  the  following:  Hppeerance; 

^+(*V)*=  — 1  +  (5-') 

where  u  is  the  velocity  vector  of  an  elementary  volume  of  liquid,  p  is 
the  pressure,  P  is  the  volume  force, v ,  _  HI  is  the  oulk  kinematic  vis- 

P 

cosity,  V  is  the  previously  mentioned  shear  kinematic  viscosity. 

As  can  oe  seen  from  equrition  (5.1),  H'  drops  out  of  the  motion 
equation  in  the  approximation  of  an  incompressible  liquid.  However, 
the  usefulness  of  this  approximation  depends  essentially  upon  the  na¬ 
ture  of  the  processes  taking  place  in  the  liquid.  If  the  liquid  can 
oe  considered  as  incompressible,  in  case  of  the  torsional  oscillations 
of  the  bucket  examined  above  or  during  its  flow  through  a  capillary, 
the  compressibility  of  the  liquid  plays  a  basic  role  during  the  course 
of  propagation  of  acoustic  waves. 


-  108  - 


Phoo  00 


Pm  00  00 


I 


L.  I.  Mandel’shtam  and  M.  A.  Leonotovich  (3)  have  shown  that  the 
observed  abnormally  high,  in  comparison  to  the  classical  Stokes-Kirchhol'l' 
theory,  absorption  of  ultra-acoustic  waves  in  liquids  can  be  explained 
in  a  natural  way  if  the  second  (bulk)  viscosity  is  taken  into  account. 

The  investigation  of  the  damping  (attenuation)  of  ultrasonic  waves  in 
liquids  has  become  the  basic  method  for  measuring  the  oulk  viscosity 
(4).  Therefore,  during  ovu*  theoretical  study  of  the  connection  exist¬ 
ing  between  a  viscous  liquid  and  a  hereditary  medium,  we  shall  also 
take  into  account  the  bulk  viscosity,  although  this  property  does  not 
manifest  itself  in  the  experimental  studies  examined  in  this  book. 

2.  Theory  of  Hereditary  Media  and  Rheology  (5) 

From  the  standpoint  of  continuum  mechanics,  the  laws  of  elasticity 
and  internal  friction  constitute  maximum  approximations  of  the  properties 
of  physical  bodies.  In  a  certain  sense,  actual  properties  lie  between 
these  extreme  cases. 

Elastic  and  viscous  properties,  which  are  manifested  to  a  certain 
extent  in  all  physical  bodies,  are  unified  by  the  theory  of  hereditary 
media  and  rheology,  whereby  the  latter  represents  a  specific  case  of 
the  former  theory.  Therefore,  both  the  theory  of  hereditary  media,  as 
well  as  rheology,  which  takes  into  account  in  a  clear  form  the  time  as¬ 
pect  of  processes  involving  variations  in  stresses  and  deformations, 
may  be  considered  as  the  mechanics  of  the  actual  properties  of  continuurr.s. 

Boltzmann  (6)  and  Volterra  (7)  must  be  credited  with  the  most  gen¬ 
eral  approach  to  the  solution  of  the  problem  concerned  with  the  actual 
properties  of  bodies  in  relation  to  the  deforming  (straining)  process. 

The  oasic  idea  proposed  by  the  aoove  authors  consists  in  the  following. 

The  state  of  stress  in  a  given  moment  of  time  t  is  determined  not  only 
by  the  deformation  existing  at  this  particular  moment,  out  also  by  the 
entire  previous  deformation  (straining)  history  of  the  body. 

In  order  to  account  for  this  history,  it  is  possible  to  examine 
at  first  two  consecutive  deforming  processes.  Let  us  assume  that  a 
deformatione  (f)  is  present  at  the  time  moment  t',  the  preceding  dura¬ 
tion  of  whicn  is  equal  to  At'.  Then,  during  the  subsequent  deforming, 
the  stress,  present  at  the  moment  t  and  equal  to  (^(t),  is  smaller  than 
the  stress  specified  by  the  elasticity  law  by  a  value  which  depends  upon 
the  .previous  deformation  e  (f )  in  such  a  way  that; 

0  (0  =  X«  (/)  —  ( 5  •  2 ) 

where  x  is  a  constant,  while  o  and  e  stand  for  the  stress  and  the  de¬ 
formation  either  of  a  uniform  maniiold  compression,  or  of  a  shear  (ac¬ 
cording  to  the  possibility  of  breaking  down  an  arbitrary  small  deforma¬ 
tion  into  a  uniform  manifold  compression  and  shear).  cp(t  -  t')  is 
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called  the  heredity  function.  Naturally,  in  the  case  of  compression  and 
shear,  both  cp  (t  -  t' )  6md  x  are  different. 

In  view  of  the  fact  that  the  influence  of  the  preceding  deforma¬ 
tion  decreases  in  the  course  of  time,  (p(t  -  t')  must  be  a  monotonic  de¬ 
creasing  function.  This  function  is  a  characteristic  of  the  medium  un¬ 
dergoing  deformation  in  relation  to  the  type  of  deformation  being  studied, 
and  constitutes  a  generalization  of  the  representation  of  physical  proper¬ 
ties  by  means  of  material  constants,  which  are  encountered  when  describ¬ 
ing  processes  by  means  of  differential  equations. 

According  to  Boltzmann's  concept,  there  occurs  a  superposition  of 
deformations  to  which  the  medium  is  subjected  during  different  time  mo¬ 
ments.  Consequently,  during  a  continuous  deforming,  the  following  re¬ 
lation  will  take  place: 

t 

o(0  =  xt(0—  f  —  (5.i) 

—00 

This  equation  accounts  for  the  entire  deforming  history  of  the  medium 
at  the  given  moment  of  time  t. 

If  the  resolvent  of  the  kernel  of  tne  integral  equation  (5.3)  is 
designated  as  \Jr(t  -  t'),  then  the  expression  for  the  deformation  can  be 
written  as  follows: 

t 

•  (0  =  i » (0  +  }•!’(<-  (')  ’  (O  «'•  (5.4) 

*00 

The  determination  of  the  mode  of  functions  (p(t  -  t')  and  ^(t  -  t' ) 
constitutes  an  independent  problem,  and  this  problem  can  oe  solved  cy 
approaching  it  from  two  different  standpoints. 

First,  one  can  attempt  to  clarify  the  mode  of  the  heredity  func¬ 
tion  by  starting  from  atomic-molecular  concepts  about  the  structure  of 
the  medium  and  the  raicromechanism  of  deformations.  However,  in  view  of 
the  complex  nature  of  this  mechanism  and  the  absence  of  reliable  ini’orma- 
tion  on  the  mechanism  of  small  deformations  having  a  nonelastic  charac¬ 
ter,  no  progress  at  all  has  been  achieved  so  far  in  this  direction. 

Second,  by  conducting  experimental  observations  of  the  properties 
of  deformed  media  and  systematically  classifying  the  data  obtained,  it 
is  possible  to  establish  the  mode  of  the  heredity  function  for  various 
bodies.  Naturally,  it  is  highly  probable  that  individual  properties  of 
the  materials  studied  will  exert  a  strong  influence  not  only  on  the 
constants  entering  into  this  function,  but  also  on  the  actual  mode  of 
the  heredity  function.  Apparently  those  failures  which  accompany  at¬ 
tempts  at  setting  up  a  single  rheological  equation  for  a  large  group  of 
physical  bodies  are  connected  with  this  factor. 
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Nevertheless,  in  order  to  clarify  certain  general  properties  of 
condensed  media,  one  can  attempt  to  introduce  a  universal  heredity 
function,  containing  the  proper  number  of  material  constants,  keeping 
in  mind  the  fact  that  individual  properties  of  the  medium  will  be  re¬ 
flected  in  these  constants.  Naturally,  such  an  assumption  constitutes 
a  sufficiently  rough  approximation,  although  there  are  serious  reasons 
for  assuming  that  it  is  closer  to  reality  than  the  law  of  elasticity  or 
of  internal  friction,  taken  separately. 

Since  cp  must  be  a  monotonic  decreasing  function,  we  can  adopt 
the  following  for  this  function: 

=  (5.5) 

^iiere  A  and  o  are  characteristic  constants  of  the  material.  Such  a 
representation  of  the  heredity  function  is  not  the  best  one  in  all 
cases. 

Boltzmann  himself  demonstrated  the  unsuitability  of  an  exponen¬ 
tial  heredity  function  for  calculating  the  energy  dissipation  during 
oscillatory  processes  in  solid  bodies.  Boltzmann  also  proposed  the  use 
of  a  heredity  function  inversely  proportional  to  time.  This  function 
was  used  by  B.  V.  Deryagin  in  calculating  the  damping  (attenuation)  of 
elastic  waves  in  solid  bodies  on  the  basis  of  his  general  theory  deal¬ 
ing  with  the  propagation  of  small  distvirbances  in  a  hereditary  medium 

(d). 

On  the  basis  of  an  analysis  of  extensive  experimental  data, 
dealing  with  solid  bodies,  other  expressions  for  cp  have  also  been  pro¬ 
posed,  which  describe  the  properties  of  these  bodies  in  a  more  satis¬ 
factory  manner  (9), 

However,  we  wish  to  select  expression  (5*5),  since  our  problem 
consists  in  establishing  the  connection  between  the  solid  and  liquid 
state,  and  therefore  all  condensed  systems  must  be  examined  from  a 
single  viewpoint. 

By  substituting  (5,5)  into  (5.3)  and  replacing  the  lower  limit 
of  the  integral  by  zero,  i.e,,  by  counting  the  time  from  the  moment  of 
the  first  deformation,  we  get: 

t 

o(0  =  iw(/)  — J  i4e— «-<'»•  (5.6) 

0 

After  differentiating  this  relation  according  to  t,  which  is 
considered  as  a  parameter,  we  arrive  at  the  following  linear  rheological 
differential  equation; 

a  (t)  =  xs  (0  —  ao  (0  -{-  «  (x  —  1  (i). 


(5.7) 


in  which  the  time  derivatives  are  designated  by  dots. 
By  introducing  the  symbols; 


the  last  equation  can  be  rewritten  in  the  following  form; 

9  (0  =  *«*  (0  —  J  (9  (0  —  *0*  (01  • 


(5.3) 


(5.9) 


An  investigation  of  this  equation  was  conducted  by  A.  Yu.  Ish- 
linskiy  (10)  and  others  (11).  If  the  deformation  is  fixed,  i.e., 
6=0,  the  solution  of  equation  (5.9)  will  appear  as  follows; 

9(0  =  V-l-l9(0)— (5.10) 


Consequently,  the  stress  relaxes  toward  the  equilibriuiri  value: 

o(oo)  =  v.  (5.11) 

which  is  achieved  after  an  infinitely  long  interval  of  time. 

The  constant  3  has  a  time  dimension  and  represents  the  relaxa¬ 
tion  time  of  the  stress.  Equation  (5.11)  indicates  thatH^  has  the 
same  meaning  as  the  modulus  of  elasticity,  corresponding  to  the  given 
type  of  deformation  during  a  slow  deforming.  The  meaning  of  constants 
Hq  and  Hoo  can  be  clarified  more  fully,  if  we  start  from  equation  (5.6). 
Assuming: 

,(0  =  aa<«*  (5.12) 

and  suDstituting  this  expression  into  (5.6),  we  get: 


By  transforming  the  latter  with  the  aid  of  (5.8),  we  get; 


9(0  =  <«*+"•», 

(5.14) 

where ; 

1  / 

Y  “tt^ 

(5.15) 
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and: 


tgm  = 


(*oo-*0)^ 

*•+*«♦•••  * 


(5.16) 


From  (5.15)  and  (5.16),  it  can  be  seen  that  ii’ Hq  and  Kqq  are 
of  the  same  order  of  magnitude,  then,  when: 

(5.17) 


the  stress  is  connected  with  the  deformation  by  the  relation: 

«(0  =  v(0.  (5.18) 

i.e.,  the  usual  law  of  elasticity  is  applicable  at  a  modulus  equal  to 
Hq.  Thus,  if  the  period  of  variation  of  the  external  influence  is  great 
in  comparison  to  the  relaxation  time  of  the  stress,  then,  during  the  time 
the  external  influence  undergoes  a  change,  the  stresses  are  able  to  un¬ 
dergo  a  complete  relaxation,  and  the  elastic  properties  of  the  medivun 
are  characterized  by  the  modulus  of  elasticity  hq* 

When: 


(5.19) 


the  stress  is  connected  with  the  deformation  ly  the  relation: 

9(/)  =  «oo«(0.  (5.20) 

Consequently,  if  the  period  of  the  external  influence  is  smiall  in  com¬ 
parison  to  the  relaxation  time  of  the  stresses,  the  latter  have  no  time 
at  all  to  relax,  and  the  medium  again  behaves  as  an  elastic  medium,  but 
is  characterized  by  a  different  modulus  Kc». 

As  can  be  seen  from  (5.16),  the  phase  shift  is  practically  re¬ 
duced  to  zero  in  both  cases.  These  expressions  disclose  the  physical 
meaning  of  constants  hq  andn  cx)* 

Thus,  when  the  heredity  function  is  represented  in  the  form  (5.5), 
the  arbitrary  state  of  stress  of  the  medium  can  be  described  by  means 
of  the  rheological  equation  (5.9),  which  includes  six  material  constants 
H  o»  Hqo  «nd  9"  —  of  which  three  correspond  to  a  deformation  caused  by  a 
uniform  manifold  compression,  and  three  correspond  to  shear  deformations 
(if  the  medium  is  an  isotropic  one).  This  conception  is  applicable  to 
a  certain  extent  both  to  solid  bodies  and  liquids. 
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3.  Thermodynamic  Derivation  of  a  Linear  Rheological  Souation 


A  thermodynamic  substantiation  (base)  can  be  given,  in  case  oi 
an  exponential  heredity  function  cp,  to  the  linear  rheological  equation 
(5.9)  derived  from  the  theory  of  hereditary  media,  which  shows  that  the 
relaxation  of  stresses  may  represent  a  secondary  effect  and  may  be  the 
result  of  relaxation  processes  of  a  finer  nature. 

If  changes  in  the  state  of  stress  of  the  medium  take  place  with 
a  finite  velocity,  then  a  deviation  from  the  state  of  statistical  equi¬ 
librium  is  present  in  the  medium  in  each  moment  of  time.  These  de  /ia- 
tions  are  the  cause  of  the  irreversible  nature  of  the  deforming  process, 
which  expresses  itself  in  the  conversion  of  the  energy  of  elastic  de¬ 
formation  into  heat,  i,e.,  in  the  presence  of  viscosity  effects.  Such 
concepts  were  evolved  by  M.  A.  Leontovich  and  L.  A.  Mandel'shtam  (3) 
in  their  theory  of  sound  absorption  in  liquids.  Starting  from  the  same 
concepts,  B.  N.  Finkel'shteyn  and  N.  S.  Fastov  (12)  obtained  an  equa¬ 
tion  for  the  theory  of  hereditary  media  in  case  of  an  exponential 
heredity  function,  and  consequently,  also  the  linear  rheological  equa¬ 
tion  (5.9). 

In  order  to  characterize  the  deviation  of  the  system  from  the 
state  of  equilibrium,  B.  N.  Finkel' shteyn  and  N',  S.  Fastov  have  intro¬ 
duced  a  relaxation  tensor  5ik»  without  clarifying  the  meaning  of  this 
tensor  in  greater  detail.  In  this  case,  in  the  presence  of  small  de¬ 
formations  and  slight  deviations  from  the  equilibrium  state,  the  free 
energy  of  the  medium  can  be  represented  in  the  form  of  a  linear  combina¬ 
tion  of  quadratic  invariants  of  the  tensors  and^ije  By  separating 
the  deformations  caused  by  shear  and  manifold  compression,  we  can  write: 

p(t,  o  =  (5.21) 

where  F  is  the  free  energy  of  a  unit  volume,  ^  is  the  scalar  parameter 
of  relaxation,  E  and  ^  refer  either  to  a  deformation  caused  by  com¬ 
pression,  or  one  caused  by  shear. 

If  the  equilibrium  value  of  ^  is  equal  to^Q,  then: 


f  =  0  6=1,. 

and  from  (5.21)  we  obtain: 

►  c 

'0  —  2*  ’• 

Equation  (5.21),  oy  means  of  the  substitution: 


(5.21') 


(5.22) 


5-5o  =  C(/) 


(5.23) 
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and  replacement  of  5o  according  to  (5.22),  can  be  represented  in  the 
following  form; 


From  here,  the  stress  can  be  represented  as  follows: 

Since,  according  to  (5.23)  and  (5.22): 

at  “  a«  “  24  ’ 


(5.24) 


(5.25) 


(5.26) 


the  expression  for  the  stress  assumes  the  following  appearance; 

,  =  2(«-;g).+cC.  <5-27) 

The  following  relaxation  law  is  adopted  as  an  equation  describ¬ 
ing  the  reaction  of  the  medium  toward  an  external  influence: 


5=~j(5-5o)  = 


_ Lr 

9 


(5.28) 


with  the  aid  of  which,  after  replacement  of  5o  according  to  (5.22),  we 

.v,eL: 


—  OO 


(5.29) 


and  after  integration  by  parts: 


:(0  = 


(5.30) 


By  substituting  the  found  expression  for£(t)  into  (5.27),  we 
finally  get; 
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'  *  t-f 


o(0  =  2at(/)  — ^  Je  ^ 


i.e,,  an  equation  for  the  theory  of  hereditary  media  in  case  of  an  ex¬ 
ponential  kernel.  By  comparing  this  expression  vdth  (5.6),  and  taking 
(5.8)  into  account,  we  get: 


*oo  =  2a=: 


(m 


«o  =  2«-^  =  (^)  - 


(5.32) 


Thus  all  consequences  resulting  from  the  linear  rheological 
eqviation  (5.9)  which  in  turn  results  from  the  theory  of  hereditary 
media  in  case  of  an  exponential  kernel,  can  oe  deduced  (derived)  by 
using  as  a  base  a  relaxation  mechanism  for  the  establishment  of  a  sta¬ 
tistical  equilibrium  in  the  system,  resulting  in  a  relaxation  of 
stresses. 

The  primary  process  consists  in  a  disruption  (violation)  of  the 
statistical  eq\xilibrium,  which  may  arise  in  the  formation  of  tempera¬ 
ture  nonuniformities,  in  the  disruption  of  the  equilibrium  structure 
of  the  medium,  in  a  disruption  of  the  equilibrium  energy  distribution 
between  internal  and  external  degrees  of  freedom  (as  happens  in  the 
theory  of  sound  absorption  in  gases,  developed  by  Knezer),  and  in  other 
similar  processes. 

4.  Absorption  of  Energy  in  a  Releucing  Medium 

The  process  of  energy  absorption  in  a  relaxing  medium  is  marked 
by  certain  characteristic  features,  which  differentiate  it  from  analo¬ 
gous  processes  occurring  in  purely  viscous  media. 

After  rewriting  the  rheological  equation  (5.9)  in  the  following 

form; 

9(0  =  *o*(0-|-®*««(0— (5.33) 

and  multiplying  it  by  de(t)  =  edt,  we  will  get  the  following,  after  in¬ 
tegration; 
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*  t  t 

j3(0rf«(0  =  ^V*+®*« J — »  I  9it)*(t)dt. 

0  6  0 

The  left  side  of  this  equation  represents  the  work  performed  by  ex¬ 
ternal  forces  over  the  system.  The  first  term  of  the  right  side  ex¬ 
presses  the  energy  increase  of  the  elastic  portion  of  the  deformation, 
and  the  second  term  is  the  usual  Rayleigh  dissipation  function,  associ¬ 
ated  with  pure  viscous  effects;  the  role  of  the  viscosity  factor  (in 
case  the  latter  is  always  considered  to  oe  tne  factor  preceding  the 
dissipation  fvinction)  is  performed  by  the  following  product: 

=  (5.35) 

In  regard  to  the  third  term,  t  it  can  be  noted  that  its  sign 

^  Sedt, 

depends  on  the  beginning  of  the  time  reading  and  the  value  of  the  in¬ 
terval  t,  since  the  stress  does  not  follow  immediately  the  deformation, 
and  in  case  of  a  periodic  change  of  8  in  one  portion  of  the  period,  the 

signs  of  8  and  o  are  identical,  while  in  the  other  portion  —  they  are 

different.  This  particular  fact  is  clearly  visible  if  e  =  a  cos  qt 

is  inserted  into  equation  (5.34)  (then,  according  to  (5.14),  c  =9Ca  cos 

(qt  m|,  and  a  calculation  of  the  integrals  is  performed.  The  energy 
dissipated  during  the  period  2tt  is  equal  in  this  case  to: 

q 


8xoofl'a*it  —  (5.36) 

and,  since  cos  ra  >  0,  this  quantity  is  always  smaller  th-.r.  the  energy 
dissipated  as  a  result  of  purely  viscous  effects  (i.e. ,  <^Koga^n) .  This 
phenomenon  can  be  explained  as  being  due  to  the  fact  tnnt  relaxation  ef¬ 
fects  reduce  the  stresses  arising  in  the  medium,  and  can  be  considered 
as  an  illustration  of  the  Le  Chatelier-Braun  principle.  It  is  also  ob¬ 
vious  that  it  is  precisely  the  phase  shift  between  the  stress  and  the 
deformation  which  is  the  cause  for  an  elastic  hysteresis,  which  mani¬ 
fests  itself  to  a  smaller  or  greater  extent  in  all  solid  bodies. 

By  retaining: 


8*00 


I 


(5.37) 


as  the  designation  of  a  dissipation  function,  the  expression: 
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can  be  called  the  relaxation  function  of  absorption.  It  is  obvious 
that,  during  the  deforming  of  relaxation  media,  the  work  of  external 
forces  is  equal  to  the  sum  of  the  elastic  energy,  the  dissipation  func¬ 
tion  and  the  relaxation  function  of  absorption  (it  is  assumed  that  the 
kinetic  energy  of  the  elements  undergoing  deformation  can  be  disregarded). 

5.  Viscosity  of  a  Liquid  From  the  Standpoint 
of  the  Theory  of  Hereditary  Media 

By  introducing  into  the  rheological  equation  the  viscosity,  ac¬ 
cording  to  the  relation  (5.35),  we  will  get: 

a-j-Oa  sstje-f-xot.  (5.39) 

By  limiting  ourselves  only  to  such  deforming  processes,  for  which; 

(5.40) 

the  latter  relation  can  be  written  in  the  form; 

0  =:aj»-|-Xot.  (5.41) 

If,  from  the  total  stress,  corresponding  to  a  deformation  of  a 
given  type,  it  is  possible  to  separate  the  addend  having  the  nature  of 
a  hydrostatic  pressure,  in  such  a  way  that; 

9  =  a'-}-p.  (5.42) 

where  p  is  the  hydrostatic  pressure  and  is  the  remaining  part  of  the 
stress,  then  equation  (5.41)  can  be  represented  in  the  form; 

o'-f  = 

In  case  of  an  isothermic  uniform  manifold  compression 
medium,  the  change  in  the  pressure  is  entirely  determined  by 
in  volume; 

=  %  =  *0*. 

and  if  the  modulus  is  independent  of  the  deformation,  then: 


(5.43) 

of  the 
the  change 

(5.U) 
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p  =  v- 


(5.45) 


Consequently,  in  case  ol’  a  uniform  manifold  compression,  the  rheologi¬ 
cal  equation  breaks  down  into  two  parts;  an  equation,  connecting  the 
viscous  stress  o*  with  the  deformation  rate; 

3'  =  ‘r|i,  (5.46) 

and  an  equation,  connecting  the  hydrostatic  pressure  with  the  deforma¬ 
tion  (5.45). 

Consequently,  a  viscous  liquid  is  a  medivm  which,  in  regard  to 
deforming  processes,  fulfills  the  condition  (5.40),  and,  in  regard  to 
properties,  allows  the  isolation  of  an  additive  stress,  corresponding 
to  the  hydrostatic  pressure  during  bulk  (volume)  defeririations,  and  which 
has  a  modulus  of  rigidity  equal  to  zero  during  a  slow  deforndng. 

By  separating  manifold  compression  and  shear  deformations,  drop¬ 
ping  the  accent  in  the  viscous  stress  and  adopting  tensor  designations, 
we  will  now  get  the  following  expressions  instead  of  the  former  equa¬ 
tions; 

For  the  manifold  compression  deformation; 


(5.47) 

where  11'  is 

the  bulk  viscosity: 

t{  = 

(5.4d) 

in  which 
the  modulus 

is  the  relaxation  time  during  manifold  compression,  kg^  is 
of  manifold  compression  during  instantaneous  deformation. 

For  the  shear  deformation; 


«  ^ \  (5.49) 

where  T)  is  tne  shear  viscosity,  is  tne  unit  tensor. 

t|  =  O«0.  (5.50) 

where  is  the  relaxation  time  during  the  shear,  Gqj,  is  the  modulus  ol' 
rigidity  during  an  instantaneous  deformation. 

For  all  known  liquids,  as  long  as  there  are  no  restoring  forces 
in  these  liquids  durim;  slow  shear  deformations,  there  is  no  reason  to 
consider  that  Gy  is  different  from  zero.  The  modulus  of  elasticity  of 
volume  during  an  instantaneous  deformation  ko^  always  differs  from  zero, 
and  in  an  extreme  case  has  a  minimum  value  equal  to  ky.  For  this  reason, 
the  bulk  viscosity  factor  becomes  equal  to  zero  in  those  cases  when  the 
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relaxation  time  ^  is  equal  to  zero  axid  when  the  elastic  state  of  the 
liquid  during  manifold  eoiqpression  is  wholly  determined  by  the  modulus 
kQ,  corresponding  to  a  slow  deformation. 

This  particular  conclusion  agrees  with  the  opinion  held  by  Stokes 
that  the  bulk  viscosity  is  equal  to  zero  in  those  cases  vdien  the  pres¬ 
sure  during  a  uniform  manifold  compression  depends  only  on  the  value  of 
the  deformation  and  the  temperature,  but  not  on  the  rate  of  deformation. 

On  this  basis,  one  can  also  understand  the  fact  that  the  bulk 
viscosity  of  Bonoato^o  gases  is  equal  to  aero,  since  in  this  case  not 
one  of  the  above-mentioned  mechanisms  of  a  relaxation  process  can  take 
place.  The  disruption  of  the  statistical  equilibrium  caused  by  the 
formation  of  temperature  nonuniformities  should  not  be  taken  into  con¬ 
sideration,  since  in  this  case,  as  was  shown  by  Kirchhoff,  the  absorp¬ 
tion  of  energy  is  accounted  for,  not  by  means  of  the  viscosity,  but  by 
the  heat  conduction  of  the  medium.  On  the  other  hand,  it  is  obvious 
that,  for  liquids  having  a  structure  of  a  short-range  order  (even  mono- 
atomic  metallic  liquids),  1)'  must  be  different  from  zero.  We  believe 
that  the  measurement  of  the  bulk  viscosity  of  metallic  liquids,  for 
example,  by  the  acoustic  wind  method  (13),  is  one  of  the  most  in^ortant 
experimental  problems  in  the  field  of  the  theory  concerned  with  the 
liquid  metallic  state. 

6.  Certain  Experimental  Results 

A  study  of  the  modulus  of  rigidity  of  liquids  during  rapid  de¬ 
formations  is  of  great  interest  both  for  rheology  and  for  the  theory  of 
the  liquid  state. 

We  shall  now  examine  certain  studies  conducted  in  this  field, 
without  attempting  to  give  a  full  description  of  this  work  and  limiting 
ourselves  only  to  an  illustration  of  a  number  of  concepts,  dealing  with 
the  relationship  between  the  hydrodynamics  of  a  viscous  liquid  and  the 
theory  of  hereditary  media. 

First  of  all,  we  shall  examine  in  somewhat  greater  detail  the 
properties  of  a  continuous  medium,  in  which  Gq  =  0,  and  which,  there¬ 
fore,  starting  at  certain  rates  of  deformation,  behaves  like  a  viscous 
liquid.  Let  us  assume  that  this  medium  is  subjected  to  a  periodic  ex¬ 
ternal  inflxaence  with  a  frequency  q.  If  the  period  of  this  influence, 

2n  is  much  smaller  than  the  releucation  time  of  shear  stresses,  then, 

q  ” 

according  to  (5*19),  the  medium  will  behave  as  an  elastic  medium  with  a 
modulus  Gqq.  The  condition  (^.40),  which,  in  case  of  a  periodic  external 
influence  according  to  the  law  c  =  can  be  represented  in  the  fonr.; 

,»C1,  (5.51) 
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of  coursOf  cannot  be  fulfilled  in  this  case,  since  it  directly  contra- 
diets  (5* 19)*  After  determining  Gqq,  and  having  at  our  disposal  the 
values  of  viscosity  1i,  obtained  for  our  medium  during  a  slow  flow,  it  is 
possible  to  determine  the  relaxation  tine  of  shear  stresses  means 
of  equation  (5.50). 

The  values  Gqo*  11  and  from  the  standpoint  of  the  conception 
on  which  a  linear  rheological  equation  is  based,  are  material  constants. 

IXiring  a  reduction  of  q,  after  inequation  (5*19)  has  been  dis¬ 
turbed,  the  nedium  will  retain  its  elasticity  properties,  but  tdien: 

(5.52) 

as  follows  from  formula  (5*15),  when  the  action  has  a  zero  frequency, 
the  medium  will  completely  lose  its  shear  elasticity.  Somewhere  during 
the  course  of  this  transition  the  condition  (5*51)  will  begin  to  be 
fulfilled,  and  the  medium  will  start  behaving  like  a  viscous  liquid. 

If  the  flow  is  stationary,  then  in  any  point  of  this  flow,  <3=0, 
and  in  this  ease  the  inequation  (5*40)  is  satisfied  identically,  i.e., 
the  stationary  flow  can  be  described  by  equations  of  a  viscous  liquid 
independently  (regardless)  of  the  value  of  the  viscosity  (of  course, 
when  Gq  =  0). 

Let  us  examine  now  certain  experimental  results  from  the  stand¬ 
point  of  the  concepts  described  above.  It  has  been  established  experi¬ 
mentally  (14)  that  a  number  of  thick  liquids  (such  as  paraffin,  salol, 
hyposulfite,  rosin,  etc.)  have  a  modulus  of  rigidity  of  a;  10°  in  case 
of  external  action  periods  of  0.5  see  (q  10).  By  using  data  ap¬ 
plicable  to  rosin  (Gqo  ~  1*43  •  10^  end  1|s  1.5  •  10'4  at  a  temperature 
of  30°  C),  the  authors  of  the  work  mentioned  above  have  found  that  the 
relaxation  time  of  shear  stresses  in  rosin  is  equal  to  «  10^  sec.  Thus, 
the  product  10  >1,  i.e.,  the  modulus  Gqq  was  actually  measured  in 
this  case.  Apparently,  the  flow  of  the  medium  examined  here  can  comply 
with  Navier-Stokes  eqxiations  only  in  case  of  very  small  deformation  fre¬ 
quencies  q  «:  10”'^  to  10”®. 

Of  considerable  interest  is  the  work  done  by  K.  Kornfel'd  (15) 
on  the  study  of  the  temperature  dependence  of  the  modulus  of  rigidity 
of  rosin  at  different  frequencies  (1=  2.8  *  10^,  1.3  •  105  and 

2.9  *  10^  cycles  per  second).  These  studies  have  shown  that  the  modulus 
of  rigidity  in  the  above  range  is  independent  of  the  frequency  and  is 
approximately  equal  to  1.2  •  lO^^^  dynes/sq  cm  at  0°  C,  dropping  with  an 
increase  in  temperature  to  0.2  *  10'^  dynes/sq  cm  at  b0°  C. 

By  using  the  data  on  the  ten^rature  dependence  of  the  viscosity 
of  rosin  listed  in  K.  Kornfel'd' s  monograph,  we  can  calculate  the  re¬ 
laxation  time  of  shear  stresses  according  to  formula  (5.30),  assuming 
that  in  all  cases  the  measured  values  of  the  modulus  of  rigidity  are 
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really  equal  to  G^.  The  corresponding  data  are  listed  in  Table  12, 
which  should  be  considered  as  a  characteristic  of  the  order  of  the  re¬ 
laxation  time  of  shear  stresses  of  rosin  in  the  temperature  variation 
range  of  56-68°  C. 


Table  12 


Temperature 

Viscosity, 

fls _ 

in  Doiaes 

G  dvnes/sQ  cm 

>^8ec 

56*5 

1.30  •  10^ 

0*6  •  lO'^O 

220  •  10"^ 

58*5 

1*06  •  10^ 

0*4  •  10‘'0 

270  •  10"^ 

61*0 

3*00  •  10^ 

0*3  •  10^° 

100  •  10"^ 

64*0 

1*55  •  105 

0.2  *  lO^O 

78  *  10”6 

68*5 

4*75  •  10^ 

0 

• 

• 

0 

48  •  10"^ 

The 

high  value  of  the  modulus  of  rigidity,  which 

is  close  to 

the  values  characteristic  for  crystalline  bodies,  is  worthy  of  atten¬ 
tion*  In  regard  to  the  discrepancy  in  the  values  of  •^obtained  (10^ 
seconds  at  30°  C  and  10“5  seconds  at  68°  C),  the  reason  for  this  dis¬ 
crepancy  is  mainly  due  to  the  extremely  great  temperature  dependence 
of  the  viscosity  of  rosin  (16).  By  selecting  the  maximum  frequency 

1  =  2,9  •  105  cycles  per  second  (q  ■  18»  10^)  and  the  maximum  relaxa¬ 
tion  time  S-  220  •  10“^  seconds,  we  get -t^q  =  400,  i.e.,  Ggo  was  meas¬ 
ured  in  this  case. 

The  situation  is  different  in  case  the  frequency  of  the  external 
influence  (action)  1  _  2,8  •  103  cycles  per  second  ® 

temperature  of  about  70°  C,  when  ^  ssr  48  •  10“6  sec.  In  this  case, 

9k,. 0  .13,  and  the  elastic  properties  of  rosin  are  no  longer  character¬ 
ized  by  the  modulus  Gqq,  but,  according  to  (5*52),  by  the  modulus 
0  Goo'll*  which,  with  the  aid  of  (5*50),  can  be  written  in  the  follow¬ 
ing  form; 

(5*53) 

By  substituting  into  (5*53),  H  =  4*75  •  10^  and  q  =  18  •  10^, 
we  get  G  .  0*85  *  10^,  as  against  the  observed  value  1  *  10^  (see 
Table  12)* 

If  we  take  into  account  that,  for  the  two  other  frequencies  used, 
the  measured  modulus  is  Gqq,  the  above  examination  of  experimental  data 
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does  not  contradict  the  assumption  that  Gq  =  0  for  rosin  in  the  tem¬ 
perature  interval  studied.  Consequently!  we  can  assert  that,  at  these 
temperatures!  the  stationary  flow  of  rosin  must  be  governed  by  Navier- 
Stokes  equations.  Moreover!  it  be  stated  that  the  same  equations 
will  describe  the  flow  of  rosin  at  frequencies  of  q  <  10^. 

In  regard  to  metallic  liquids!  no  measurement  of  the  modulus  of 
rigidity  G<d  was  performed  on  these  liquids.  However,  it  is  still  pos¬ 
sible  to  make  a  certain  rough  estimate  in  this  case. 

Condition  (5.51)!  with  the  aid  of  (5.50)!  can  be  written  in  the 

form: 


and!  by  taklr^g  into  consideration  that  T|  10“^  poises  represents  a 
typical  value  for  the  viscosity  of  metallic  liquids!  we  can  note  that 
the  concept  of  viscosity  will  retain  its  meaning  up  to  frequencies  de¬ 
termined  by  the  following  inequation: 

10»O«.  (5.55) 

If  the  value  10^®  -  10^^  dynes/sq  cm  is  adopted  for  the  modulus  of 
rigidity  (obtained  at  low  frequencies  for  metals  in  the  crystalline 
state)!  then  the  concept  of  viscosity  and  the  equations  of  hydrodynamics 
for  metallic  liquids  must  retain  their  meaning  up  to  fi^quencies  of  the 
order  of  10^  ^  _  -1013  cycles  per  second.  The  relaxation  time  of  shear 
stresses  will  then  have  a  value  of  the  order  of  10*^3  sec. 

Condition  (5*40)  can  be  considered  to  a  certain  extent  as  the 
limit  of  the  applicability  of  hydrodynamic  equations  on  the  part  of 
media  having  a  high  viscosity!  regardless  of  the  nature  of  this  vis¬ 
cosity!  which  may  depend  on  the  heterophasic  character  of  the  medium. 

This  factor  is  significant  for  our  further  study!  which  will  be  con¬ 
cerned  with  an  examination  of  the  results  obtained  during  the  measure¬ 
ment  of  the  viscosity  of  alloys  in  the  heterogeneous  re^on  of  the  fusion 
diagram. 

The  experimental  study  of  the  problems  discussed  here  must  greatly 
increase  our  knowledge  and  understanding  of  the  nature  of  the  liquid 
state. 
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Chapter  VI 


Stmctwre  and  Viacops  Properties  of  MBtallle  Uoulda 


1.  A.  I.  Baohlnakly's  Vlscoelty  Equation 


In  1913|  A.  I.  Baehinskiy  (1)  proposed  his  formula  for  the  vis¬ 
cosity  of  single  (non-assoeiated)  liquids: 


(6.1) 


where  C  and  b  are  constant  values^  v  is  the  specific  volume. 

Orgcmic  liquidSf  with  the  exception  of  alcohols  and  organic  acids, 
are  well  described  hy  Beans  of  formula  (6.1).  As  M.  P.  Volarovich  (2) 
has  shown,  the  viscosity  of  certain  salts  also  satisfies  this  equation. 

We  shall  write  Baehinskiy* s  formula  as  follows: 


or,  in  a  different  form: 

1  1  A 


(6.3) 


vdiere  p  is  me  density. 

Bachlnjkiy's  formula  is  based  on  the  assuo^tion  that  the  viscosity 
of  a  liquid  U  determined  by  the  interaction  of  molecules.  As  the  inter- 
molecular  distance  increases,  and  consequently,  as  the  forces  of  inter- 
molecular  interaction  are  reduced,  the  viscosity  decreases.  On  the 
basis  of  an  analysis  of  a  large  volume  of  experimental  data,  A.  I. 
Baehinskiy  assiuned  that  the  fluidity  1  of  a  liquid  is  proportional  to 

the  difference  v  -  b.  The  constant  b,  in  the  opinion  of  Baehinskiy, 
must  be  close  to  the  natural  (eigen)  volume  of  the  molecules,  i.e.,  to 
the  correction  for  the  specific  volume  in  the  Van  der  Weals  equation  of 
state.  A.  I.  Baehinskiy  himself  believed  that  b  =  0.307  v^j.,  where  v^j. 
is  the  critical  volume,  whereas  the  constant  b,  entering  into  the  Van 
der  Weals  equation  of  state,  is  coiuiected  with  the  critical  voliune  by 
the  relation  b  =  0.333  ver*  Thus,  the  difference  v  -  b  is  close  to 
the  free  volume  of  the  liquid. 

The  concepts  held  A.  I.  Baehinskiy  represented  a  new  step  in 
the  development  of  the  theory  of  the  liquid  state.  They  attracted  the 
attention  ol'  researchers  to  the  determixiing  role  played  by  the  free 
volume  in  processes  causing  a  viscous  flow,  and  exerted  a  considerable 
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influence  on  the  development  of  theoretical  concepts  related  to  the 
viscosity  mechanism.  According  to  the  concepts  held  by  Bachinskiy,  the 
temperature  does  not  affect  the  viscosity  directly,  but  rather  through 
the  effect  of  thermal  expansion.  Consequently,  the  formula  of  this  ef¬ 
fect  must  be  considered  as  an  approximate  formula,  since  an  increase  in 
the  temperature  of  the  liqtiid  increases  the  mean  kinetic  energy  of  the 
molecules  and  therefore  must  increase  the  mobility  of  these  molecules. 

A.  I.  Bachinskiy  associates  the  value  b  with  the  critical  volume 
vdiich  constitutes  an  absolutely  natural  approach,  if  we  start  from  the 
idea  of  the  continuity  of  the  liquid  and  gaseous  state,  inherent  in  Van 
der  Waals  equation.  However,  a  different  approach  is  possible,  namely 
from  the  side  of  the  solid  state.  In  that  case,  it  is  possible  to  con¬ 
sider  as  a  basic  (starting)  concept  the  fact  that  the  fluidity  of  a 
crystal  is  vanishingly  small,  even  in  the  vicinity  of  the  melting  point 
in  comparison  to  the  fluidity  of  the  liquid.  By  assuming  that  the 
fluidity  is  equal  to  zero  when  v  -  Vg,  where  Vg  is  the  specific  volume 
of  the  solid  phase  near  the  melting  point,  we  get: 

(6.4) 


and,  therefore,  the  constant  b  it;  ^^-jicninskiy*  s  formula  can  be  inter¬ 
preted  as  the  specific  volume  of  the  solid  phase  at  the  melting  point. 

The  fact  that  the  viscosity  of  organic  liquids  does  not  comply 
with  formula  (6.1 )  is  usually  ascribed  to  their  association.  Indeed, 
almost  all  organic  liquids  exhibiting  an  abnormal  behavior  in  regard 
to  Bachinskiy' s  formula  have  a  tendency  to  form  a  hydrogen  linkage, 
discovered  in  1877  by  N.  N.  Beketov,  and  exhibit  anomalies  also  in  con¬ 
nection  with  a  number  of  other  properties. 

These  deviations  from  Bachinskiy' s  formula  are  of  two  different 
types:  either  the  fvinction  ^  is  expressed  by  a  curve,  whose  con¬ 


vexity  is  directed  toward  tne  density  axis,  or  by  a  curve  whose  con¬ 
cavity  is  directed  toward  the  density  axis.  A  deviation  of  the  first 
type  is  exhibited  by  alcohols  and  organic  acids,  while  a  deviation  of 
the  second  type  is  exhibited  by  water  and  fused  metals.  The  first  type 
will  be  designated  as  deviations  of  the  alcohol  type,  and  the  second  as 
deviations  oi'  the  water  type. 

The  action  of  the  hydrogen  linkage  (bond)  in  the  first  group  of 
liquids  manifests  itself  in  an  actual  aggregation  of  molecules.  In 
regard  to  water,  it  can  be  stated  that,  according  to  x-ray  diffraction 
analysis  data  and  the  structural  theory  of  Bernal  and  Fowler  (3),  a 
hydrogen  linkage  (bond)  in  this  case  results  in  the  formation  of  dif¬ 
ferent  structures  of  water.  In  the  vicinity  of  the  crystallization 
point,  approximately  up  to  4°  C,  "water  I"  has  the  structure  of  ice- 
tridymlte  (a  hexagonal  silica),  inlhen  the  temperatiu'e  is  Increased, 
"water  II"  is  formed,  having  a  quartz  structure,  which  is  retained 
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almost  up  to  the  critical  temperature.  Further,  in  the  vicinity  ol' 
the  critical  region,  the  structure  of  water  becomes  tightly  packed. 

With  a  change  in  the  temperature,  the  structures  are  constantly  (con¬ 
tinuously)  converted  into  each  other,  so  that  only  on  an  average  does 
the  mutual  arrangement  of  molecules  come  close  to  a  smaller  or  greater 
extent  to  the  struct\u*es  mentioned  above.  On  the  basis  of  a  comparison 
of  x-ray  diffraction  analysis  data  with  the  degree  to  which  experi¬ 
mental  results  on  the  viscosity  of  organic  liquids  and  water  comply 
with  Bachinskiy's  formula,  we  are  led  to  the  conclusion  that  devia¬ 
tions  fr«u  this  formula  are  associated  to  a  certain  extent  with  struc¬ 
tural  transformations  in  the  liquid  phase. 

A,  I.  Bachinskiy  and  K.  S.  Kurnakov  have  stressed  that  the  vis¬ 
cosity  constitutes  a  structiorally  sensitive  characteristic  of  a  liquid, 
N,  S.  Kurnakov  has  selected  the  viscosity  as  one  of  the  basic  indices  of 
physical-chemical  analysis.  For  this  reason,  it  can  be  expected  that 
a  study  of  the  viscosity,  as  well  as  of  other  macroscopic  properties, 
for  example,  heat  conduction  and  electrical  resistance,  can  yield 
valuable  Information  on  structural  changes  occurring  in  a  liquid.  It 
is  known  that  the  study  of  precisely  macroscopic  properties  of  solid 
alloys  constitutes  the  principal  method  of  studying  the  phase  conver¬ 
sions  taking  place  in  these  alloys. 

2.  Structure  of  a  Liquid 

The  theory  of  the  scattering  of  x-rays  by  a  system  consisting  of 
atoms  of  one  type  leads  to  the  equivalent  expressions  (4),  (6.5)  and 
(6.6),  by  means  of  which  it  is  possible  to  get  an  idea  of  the  structure 
of  a  monoatomic  liquid  on  the  basis  of  a  study  of  the  angular  distribu¬ 
tion  of  the  intensity  I(s)  of  scattered  x-rays; 

00 

0 

From  (6.5),  by  means  of  a  Fourier  transformation,  the  following  rela¬ 
tion  can  be  obtained; 


4Ttr*m  (r)  =  4itr>/nQ f  ^  —  1  j  sin  sr  •  ds;  (6. 6) 

0 

where  g  =  ^  sin*^*  ^ scattering  angle,  K  is  the  wavelength, 

X  2 

N  is  the  number  of  atoms  in  the  scattering  voluniC,  >>  is  an  atomic  factor. 
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ffl(r)  is  the  density  of  atomic  distribution,  selected  in  such  a  way  that 
in  a  spherical  layer  r,  r  +  iJr  there  are  js-Ar  atoms  present, 

J  4nr2m(r)dr 
r 

m(oo)  =  ny].  Formula  (6.5)  makes  it  possible  to  select  such  a  function 
of  the  density  in(r),  which  will  yield  a  distribution  of  the  intensity 
that  agrees  with  the  one  obtained  during  a  test*  By  using  the  second 
equation,  one  can  ootain  the  intensities  I(s)  directly  according  to  the 
distribution  which  has  been  found.  Thus,  ^th  of  these  relations  allow 
the  determination  of  the  density  of  atomic  distribution  m(r)  for  a 
monoatomic  liquid. 

In  order  to  describe  the  arrangement  of  atoms,  a  fimctlon  of 
atomic  arrangement  n(r)  is  introduced,  which  is  selected  in  such  a  way 
that  the  expression  r+Ar  represents  the  number  of  atoms  located 

r  n(r)dr 
r 

in  a  spherical  layer  r,  r  dr.  From  here,  it  is  obvious  that: 


n  (/•)  =  (r). 


(6.7) 


In  case  of  an  ideal  crystal  lattice,  the  expression  lim 

A-tO 


r^+A 

j*  n(r)dr  =  gives  the  number  of  atoms  lying  on  a  sphere  with  a 
rj^-A 

radius  r^^,  constructed  near  any  arbitrary  atom  adopted  as  the  center. 
From  this  standpoint,  the  crystal  lattice  can  be  characterized  bgr  means 
of  a  system  of  numbers  and  (1  >  1,  2,  3,  ...).  The  function  of 
the  atomic  arrangement  for  the  entire  crystal  lattice  will  be  a  discon¬ 
tinuous  function,  different  from  zero  for  a  series  of  discrete  values 
ri  <  r2  <  rj  ...,  and  accordingly  equal  to  N<|,  N2»  N3,  ....  If  this 
is  the  case  for  any  kind  of  values,  then  the  arrazigement  of  atcHns  rep¬ 
resents  an  ideal  crystal  lattice.  By  designating  the  minimum  distance 
between  two  atoms  as  ri,  the  dependence  between  the  coordination  n\anber 
and  the  ratio  ri  can  be  calculated  geometrically  for  each  type  of 

crystal  lattice.  For  example,  in  case  of  a  face-centered  cubic  lattice, 
we  shall  have;  ri  and  accordingly  Ni  =  12,  6,  24  when 

—  =  1;  I.4I;  1.73, 

i  =  1,  2,  3. 

The  same  results  can  be  interpreted  from  the  standpoint  of  the 
probability  law.  The  probability  that  atom  1  is  located  in  a  fixed 
volume  dv-],  while  atom  2  is  located  in  a  volume  dv2»  can  be  represented 
in  the  form:  W(r}dvidv2,  where  r  is  the  mutual  distance  of  volumes  dv'i 
and  dv2f  and  W(r)  is  the  probability  factor.  Since  the  probability  of 
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the  fact  that  atom  2  is  located  at  a  distance  r  from  atom  1  is  propor¬ 
tional  to  the  average  number  of  atoms  in  a  unit  volume,  located  at  a 
distance  r  from  atom  1,  then,  obviously,  m(r)  =  moW(r),  where  idq  is  the 
uniform  density  of  a  chaotic  (random)  distribution  (in  case  of  a  com¬ 
pletely  random  orientation  of  atoms  W  =  1).  In  reality,  the  atoms  of 
a  crystal  are  not  stationary  (motionless),  but  vibrate  near  equilibrium 
positions.  For  this  reason,  W(r),  and  consequently,  also  m(r)  must  be 
continuous  functions  of  r  with  sharply  expressed  maxima  (peaks)  at 
values  r  =  rj^  (1  =  1,  2,  3,  etc.).  Values  of  rj^,  at  which  n(rj^)  has  a 
clearly  marked  maximum  (peak),  are  apparently  not  limited  by  anything, 
except  by  the  natural  boundaries  of  a  crystal. 

Such  a  distribution  (orientation),  which  can  be  naturally  derived 
from  an  ideal  crystal  lattice  when  the  thermal  agitation  of  atoms  is 
taken  into  account,  will  be  designated  by  us  as  a  structure  of  a  long- 
range  order.  This  definition  of  a  long-range  order  structure  reflects 
the  presence  of  a  correlation  in  the  arran^-ement  of  atoms  to  in¬ 
finity  (3).  However,  it  expresses  a  more  rigid  (strict)  requirement 
from  the  standpoint  of  the  order  of  the  atomic  arrangement.  From  a 
physical  viewpoint,  this  definition  of  a  long-range  order  structure 
makes  it  possible  to  effect  a  direct  comparison  of  the  spatial  arrange¬ 
ment  of  liquid  particles  with  the  arrangement  exhibited  by  these  parti¬ 
cles  in  the  solid  state  and  with  an  ideal  crystal  lattice. 

The  probability  of  the  displacement  of  an  atom  from  the  equili- 
hrivim  position,  as  a  result  of  thermal  motion,  by  a  magnitude  5i  =  r  -  rj, 
can  be  expressed  by  the  formula; 


-j 

dPi  =  (V^)  e  dr; 


(6.B) 


in  case  of  any  val\M  of  i: 


/’ 


(6.9) 


where  f  is  the  quasi-elastic  linkage  factor  in  the  equation  describing 
the  oscillatory  motion  of  the  atom,  and  T  is  the  absolute  temperature. 

The  idee  underlying  considerations  leading  to  the  concept  of  a 
short-range  order  consists  in  applying  the  expression  (6.6)  to  the  case 
of  a  statistical  scattering  of  atoms.  In  other  words,  it  is  necessary 
to  find  for^^  an  expression  which  depends  on  r. 

By  m6:ins  of  the  method  used  in  the  theory  of  the  Brownian  motion, 
it  is  possible  to  establish  a  connection  between  5^  and  r  for  a  sta¬ 
tistical  scattering  having  the  following  form: 

Ti  =  2D'ri.  (6.10) 
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where  D*  is  a  constant  known  as  the  structural  diffusion  factor  (see 
Note). 

Notei  Formula  (6.10)  can  be  derived  in  the  following  manner. 

Let  us  examine  an  atomic  chain,  in  which  the  coordinates  of  the  i-th 
atom  in  a  state  of  ideal  order  (equal  interatomic  distances)  are  equal 
to  rj^,  while  the  actual  coordinates  are  equal  to  r^.  ESy  designating 
the  atomic  displacements  as  Uj^,  we  will  get,  obviously: 

r*  =  r.  +  «^,  rJ^r^  +  u^,  '’i-i + 

In  case  of  an  equal  probability  of  positive  and  negative  displacements, 

Uj[  =  Uj  =  0  (mean  values  are  designated  by  a  straight  line  on  top  of 
the  symbols).  In  case  of  a  statistical  independence  of  displacements: 

Qy  combining  the  first  three  equations,  we  find: 
rJ  _|_  r*-J  -  r* « (r^  +  —  r,  +  -f  u^_^  —  u^. 

However,  since  ri  =  rj  +  rj-j,  then  ui  =  uj  +  ui-j,  and  consequently, 
by  squaring  and  taking  the  mean,  we  get: 

This  is  a  functional  equation  of  the  form: 

the  solution  of  which  is  a  linear  function  of  r: 

{**) 

By  checking,  one  can  easily  see  the  identical  nature  of  the  relation: 

2[yr^^2D'r^  +  2D'r^_^ 

Consequently,  (**)  represents  the  solution  of  equation  (*)  which  was 
sought. 

Therefore,  in  case  of  a  maladjustment  (disarrangement)  of  an 
ideal  crystal  lattice,  due  to  a  statistical  scattering  of  atoms,  r^^ 
formally  plays  the  same  role  as  the  temperature  T  during  a  derangement 
of  the  lattice  caused  by  thermal  motion,  or  as  the  time  t  in  the  phe¬ 
nomenon  of  the  Brownian  motion. 

Expression  (6.8),  when  (6.10)  is  substituted  into  this  expression, 
has  the  meaiiing  of  the  probability  of  the  fact  that  an  atom,  which  in 
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an  Ideally  ordered*  lattice  must  possess  a  coordinate  r^^,  possesses  a 
coordinate  r  as  a  result  of  a  statistical  scattering.  By  multiplying 
(6.8)  by  N4  and  svinaning  up  all  i  values,  obviously,  we  shall  find  the 
function  of  the  atomic  arrangement  of  particles,  in  the  presence  of  a 
statistical  scattering  having  the  following  form: 

n  ir)dr  =  ^  f/,  (V  )‘  «  '  dr.  ^  ^  ^ 

Here,  n(r)  is  a  continuous  function  of  r,  but  its  essential  feature 
consists  in  the  fact  that  the  n(r)  maxima,  corresponding  to  values 
r  =  rj^,  become  rapidly  blurred  (washed  out)  when  i  increases.  Since 
any  atom  may  act  as  the  origin  of  the  radius-vector  r,  then  conse¬ 
quently,  in  the  vicinity  of  any  atom,  the  first  coordination  sphere 
will  be  clearly  expressed  (marked),  the  second  one  will  be  weaker, 
the  third  one  will  be  still  weaker,  the  fourth  and  following  spheres 
may  yield  an  equally  probable  arrangement  of  particles,  i.e.,  a  com¬ 
pletely  disorderly  (random)  arrangement.  Such  an  arrangement  of  atoms 
is  called  a  structiu'e  of  a  short-range  order. 

It  should  be  noted  that  if  only  the  first  two  n(r)  maxima  are 

clearly  expressed,  giving,  for  example,  Ni  _  this  type  of  coordina- 

N2  ” 

tlon  is  met  both  by  a  face-centered  cubic  structure  as  well  as  by  a 
closely  packed  hexagonal  structure.  Already  from  here  we  can  see  that 
a  knowledge  of  the  short-range  order  is  not  always  sufficient  for  de¬ 
termining  the  type  of  crystal  structure,  which  is  understandable,  since 
the  type  of  crystal  structure  is  associated  with  the  concept  of  long- 
range  order. 

The  discussions  presented  above,  which  substantiate  the  concept 
of  a  short-range  order  and  which  belong  to  frins  (6),  can  still  not  be 

considered  as  a  theory  of  the  structure  of  a  liquid,  in  view  of  the 

fact  that  the  problem  concerned  with  the  applicability  of  a  relation  of 
the  (6.10)  type  to  a  three-dimensional  arrangement  of  particles  still 
remains  unclear.  Ya.  I.  FYenkel'  (7)  criticizes  Prins'  conception  and 
agrees  with  the  fact  that  is  independent  of  r  in  a  three-dimensional 
system.  However,  this  pro.jlem  requires  additional  research.  Therefore 
the  derivation  of  relationship  (6.10)  given  here  should  be  considered 
only  as  a  model  illustration  of  a  certain  type  of  arrangement  of  parti¬ 
cles. 

Figure  31  presents  a  typical  experimental  picture  of  the  scat¬ 
tering  of  x-rays  by  a  monoatomic  liquid,  obtained  with  fused  aluminum 
at  a  temperature  of  700°  C.  As  is  known  from  the  theory,  the  zero  in¬ 
tensity  at  small  scattering  angles  and  the  oscillating  dependence  of 
the  intensity  on  the  parameter  s  indicate  the  presence  of  a  certain 
order  in  the  arrangement  of  particles.  For  purposes  of  comparison, 
the  same  figxire  shows  a  curve  corresponding  to  a  scattering  from 
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aluminum  in  the  gaseous  state  (uniformly  dropping  line).  It  should  be 
noted  that,  in  ease  of  large  scattering  angles,  the  intensity  cvirve  for 
liquid  aluminum  can  be  fully  superimposed  on  the  Intensity  curve  for 
chaotically  distributed  atcmis,  and  thus  the  arrangement  of  atoms  in 
liquid  aluminum  exhibits  both  orderly  and  chaotic  features. 

Figure  32  shows  the  result  of  processing  of  the  I(s)  cvirve  given 
in  Figure  31  according  to  formula  (6.6).  In  this  figure,  the  discon¬ 
tinuous  function  of  the  atomic  arrangement  for  the  face-centered  lattice 
of  crystalline  aluminum  is  represented  by  means  of  vertical  lines.  The 
factor  (multiplier)  4nr2n^,  where  is  the  uniform  density  of  the  ran¬ 
dom  distribution  of  particles,  is  represented  by  a  ciurve  of  the  parabolic 
type. 

Thus,  a  comparison  of  the  atomic  arrangement  functions  for  the 
same  substance  in  the  crystalline  and  llqiild  state  shows  the  presence 
in  the  liquid  of  a  coordination  in  the  arrangement  of  atoms,  similar  to 
the  one  observed  in  a  crystal.  However,  in  a  liquid,  the  orderly  na¬ 
ture  of  the  atomic  arrangement  is  observed  only  in  the  vicinity  of  an 
arbitrarily  selected  atom  and  disappears  upon  moving  away  from  this 
atom.  The  arrangement  of  atoms  bee(»>es  disorderly  (random)  over 
a  range  of  several  interatomic  distances. 

From  a  local  standpoint,  the  structure  of  a  liquid  is  close  to 
the  structure  of  a  crystal;  however,  at  great  distances,  there  is  no 
correlation  of  individual  quasi-crystalline  regions  in  regard  to  their 
orientation.  Regions,  in  regard  to  which  one  may  speak  about  an  orderly 
atomic  arrangement  in  the  liquid,  cover  an  area  equal  to  a  score  of 
angstroms.  Consequently,  experiments  lead  us  to  conclude  about  the 
presence  in  the  liquid  of  a  short-range  order  structure  in  the  arrange¬ 
ment  of  particles. 

FYom  the  standpoint  of  the  probability  law,  the  results  of  the 
study  of  the  distribution  of  the  intensity  and  position  of  diffraction 
maxima  (peaks),  and  of  x-rays  scattered  by  the  liquid.  Indicate  the 
presence  of  a  set  of  preferential  distances  between  atom  pairs.  Whereas 
certain  atomic  distances  eure  encountered  most  frequently,  others  may  not 
be  observed  at  all  or  may  be  equally  probable,  if  they  exceed  a  certain 
value. 

For  purposes  of  Illustration,  Figure  33  shows  the  ciirve  of  the 
probability  factor; 


r(r)  = 


n{r) 
4k«o^^  * 


(6.12) 


obtained  for  the  amorphous  modification  of  arsenic  As^).  The  most  proba¬ 
ble  interatomic  distances  are  approximately  eqiial  to  2.3;  2.8;  3.^ 
Distances  of  less  than  2  and  3  a  are  not  encountered  at  all.  W(r)  =  1 
corresponds  to  a  uniform  distribution  of  particles  in  a  volume. 
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The  studies  conducted  by  G.  V.  Stuart  and  his  associates,  V.  I. 
Danilov  and  his  school,  P.  Debye,  Tsernik  and  Prlns,  and  Ya.  I.  Frenkel' 
represent  a  particularly  valuable  contribution  to  development  work  on 
the  problem  concerned  with  the  structure  of  a  liquid.  In  the  work  done 
by  these  authors,  as  well  as  in  the  studies  performed  by  other  re¬ 
searchers,  one  can  find  the  necessary  details  on  the  experimental  re¬ 
sults  dealing  with  the  study  of  the  structure  of  liquids  and  the  physi¬ 
cal  interpretation  of  these  results  (8). 

The  ejqperlmental  studies  Illustrated  in  Figures  31-33  may  be  due 
to  a  different  mode  of  arrangement  of  particles  in  a  macroscopic  volume 
of  the  liquid.  The  question  as  to  which  type  of  arrangement  Is  actually 
encountered  in  reality  represents  a  basic  problem  of  the  theory  of  the 
structvue  of  a  liquid,  which  is  still  unsolved  at  the  present  time. 

We  shall  not  present  here  again  a  description  and  critique  of 
the  various  concepts  dealing  with  the  structure  of  a  liquid,  which  have 
been  expressed  at  different  times,  since  it  can  be  stated  that  the  in¬ 
adequacy  of  these  concepts  has  already  been  established.  For  this 
reason,  we  believe  that  it  is  more  eiqpedient  to  attempt  to  present  a 
new  description  of  the  structure  of  a  liquid,  based  on  experimental 
data,  and  to  retain  those  elements  of  the  concepts  which  have  been  pre¬ 
viously  evolved,  which,  in  our  opinion,  appear  to  be  correct.  Such  an 
attempt  represents  a  statement  of  the  problem. 

Using  the  picture  of  the  diffraction  of  x-rays  as  a  basis,  we 
can  assume  that  a  liquid  contains  ordered  grotips  of  scattering  centers 
(atoms,  molecules,  ions),  covering  an  area  of  several  score  of  angstroms. 
However,  such  quasi-crystals  cannot  be  considered  as  a  continuous  fill¬ 
ing  of  crystalline  lattice  points.  During  the  process  of  fusion  (smelt¬ 
ing),  the  voliime  of  the  vast  majority  of  liquids  increases  by  approxi¬ 
mately  10%,  and  this  increase  corresponds  to  100  unsubstituted  (vacant) 
points  in  the  crystal  lattice  of  a  cube  with  an  edge  length  equal  to  10 
average  interatomic  distances.  The  presence  of  unsubstituted  points 
must  necessarily  result  in  a  statistical  disarrangement  of  the  atomic 
distribution  (in  relation  to  an  ideal  order  of  the  crystal  lattice),  and 
consequently,  will  result  in  local  decreases  in  the  height  of  the  pot- 
tential  barrier  of  interactions  between  particles.  (Note;  The  above 
discussions  on  the  structure  of  a  liquid  are  also  applicable  to  abnormal 
substances  such  as  bismuth,  which  undergo  a  contraction  during  fusion. 
Although  these  substances  are  subject  to  a  denser  packing  of  atoms 
during  the  fusion  process,  as  a  result  of  a  change  in  the  structure 
type,  the  presence  of  unsubstituted  points  in  this  new  lattice  is  just 
as  necessary  in  abnormal  substances  as  in  normal  liquids.)  This  factor 
in  turn  causes  an  increase  in  the  probability  of  particles  breaking 
away  from  equilibrium  positions  as  a  result  of  thermal  fluctuations,  as 
compared  to  the  probability  of  a  break-awoy,  which  is  characteristic  for 
the  solid  state.  A  particularly  favorable  environment  for  the  formation 
of  particles,  which  are  not  connected  with  any  equilibrium  position,  is 


found  at  former  boundaries  of  mosaic  units  (blocs)  and  on  microfissures, 
and  especially  at  the  boundaries  between  individual  crystalline  grains 
present  in  the  solid  phase. 

Thus,  in  accordance  with  the  concepts  being  developed  here,  at 
any  moment  of  time,  all  particles  of  a  liquid  can  be  divided  into  two 
groups.  The  first  group  includes  particles  performing  oscillating  move¬ 
ments  in  the  vicinity  of  oscillation  centers,  coinciding  with  a  sta¬ 
tistically  disturbed  (deranged)  structure  of  the  crystal  lattice  (an 
arrangement  idiich  can  be  characterised  by  one  distribution  function, 
i.e.,  the  structure  of  a  quasi -crystal);  the  second  group  Includes  par¬ 
ticles  moving  according  to  laws  of  random  walks  and  which  are  not  con¬ 
nected  with  any  equllitnrium  positions  (structxu’e  of  a  random  arrangement). 

For  this  reason,  the  picture  of  the  thermal  motion  in  a  liquid 
includes  simiiltaneously  features  of  the  thermal  motion  of  a  solid  body 
(oscillations  near  equilibrium  positions)  and  of  a  gas  (random  wander¬ 
ings).  Any  particle  may  transfer  from  the  first  group  into  the  second, 
and  vice  versa,  so  that  the  entire  picture  of  the  structure  of  a  liquid 
represents  the  result  of  a  dynamic  equilibrium  between  particles  of  the 
first  and  second  group.  However,  whereas  in  a  crystal  the  duration  of 
the  coupling  of  a  particle  with  a  given  center  of  oscillation  is  prac¬ 
tically  infinitely  great,  in  a  liquid,  this  dviration  has  a  value  of  the 
order  of  the  oscillation  period. 

Let  us  now  examine  the  problem  concerned  with  the  nature  oi'  the 
spatial  arrangement  (distribution)  of  particles  of  the  first  and  second 
group.  Let  us  assume  that  e  is  the  height  of  the  potential  barrier, 
which  the  particle  must  overcome  in  order  to  switch  over  from  an  oscil¬ 
lating  state  into  a  state  of  random  wandering.  The  probability  of  such 
a  transition  is  proportional  to  _  and  therefore,  the  number  of 

e  de, 

particles  present  in  a  state  of  random  wandering  will  be  proportional  to 
00  i.e.,  to  the  value  of  t  while  the  number  of  particles 

J  e  Wd., 

£ 

remaining  in  a  state  of  oscillations  will  obviously  be  proportional  to 
the  value  of  c 

(1  -  e 

It  is  natural  to  assume  that,  immediately  after  fusion,  areas  of 
the  liquid  which  are  located  far  away  from  any  interfaces  present  prior 
to  fusion  (boundaries  of  mosaic  blocks,  crystalline  grains,  microfis¬ 
sures)  contain  a  relatively  larger  number  of  high  potential  barriers  e 
than  areas  corresponding  to  former  interfaces.  Therefore,  we  can  intro¬ 
duce  a  value  €  =  Sj,  which  is  a  mean  value  for  a  local  mlcrovolume  of 
the  liquid,  and  in  that  case,  the  num'oer  of  particles  which  have  broken 
away  from  the  equilibrium  position  in  this  volurie  will  obviously  be 
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proportional  to  _  e  0  where  eo  is  a  certain  nonnionotonous  function  of 
VQe  ‘‘T, 

the  radius- vector  r,  which  determines  the  position  of  the  given  micro- 
voluvie  Vq  in  relation  to  an  arbitrarily  selected  point  in  space* 

The  concentration  of  wandering  particles,  the  maximum  number  of 
i>^ich  are  formed  near  former  interface  boundaries  and  in  general  near 
structural  defects,  shows  a  tendency  to  level  off  over  the  entire  micro¬ 
volume  of  the  liquid  by  means  of  a  self-diffusion  mechanism.  However, 
such  a  leveling  off  cannot  take  place  until  the  effect  exertecT  by  former 
defects  in  the  structure  of  the  crystal  will  no  longer  be  felt  in  the 
liquid,  and  until  Eq  will  become  a  constant  value  no  longer  dependent 
on  r. 

Thus,  during  the  initial  post-smelting  stage  of  existence  of  the 
liquid,  the  latter  apparently  consists  of  ordered  quasi-crystals  and 
Individual  particles  present  in  a  state  of  random  wandering. 

Quasi-crystals,  as  a  possible  form  of  structure  in  the  region  of 
pre-crystallization  temperatures,  have  no  clearly  expressed  interfaces 
and  therefore  cannot  be  considered  as  a  phase  from  a  thermodynamic 
standpoint.  The  central  region  of  a  quasi-crystal  exhibits  a  maximum 
order  of  atomic  arrangement,  which  decreases  toward  the  periphery, 

?^om  the  standpoint  of  a  quantitative  formulation  of  the  concept  of  a 
short-range  order  (formula  (6.10)),  this  means  that,  in  the  region  of 
a  quasi-crystal,  the  structural  difitision  factor  D* (r)  must  be  an  in¬ 
creasing  function.  The  structure  of  a  quasi-crystal  is  illustrated  in 
Figure  34. 

It  is  natural  to  assume  that,  in  the  course  of  time  and  with  an 
increase  in  temperature,  defects  in  the  structure  of  the  solid  phase 
nust  be  deprived  of  their  determining  role  in  the  stioicture  of  a  liquid. 
In  this  state,  the  liquid  probably  represents  a  continuous  structure  of 
a  short-range  order  of  the  dense  (compact)  packing  type,  in  which  wan¬ 
dering  (stray)  particles  are  distributed,  having  an  energy  greater  than 

£0* 

Unfortunately,  it  is  at  present  impossible  to  state  which  role 
the  time  and  the  temperature  play  in  the  process  of  transformation  of 
£q  into  a  value  independent  of  r.  There  is  no  doubt,  however,  that  two 
processes  can  take  place  simultaneously  when  the  temperature  is  increased 
an  increase  in  the  number  of  particles  present  in  a  state  of  random  wan¬ 
dering,  and  a  change  in  the  type  of  short-range  order  structure  of  quasi- 
crystals  in  the  liquid. 

In  connection  with  the  above  statements,  it  appears  reasonable  to 
mention  the  recent  tests  conducted  by  Honig  (9)  on  the  mass-spec trome trie 
analysis  of  vapors  of  metals  belonging  to  the  fourth  group  in  the  peri¬ 
odic  system  (germanium,  tin,  lead).  It  was  found  that  vapors  of  these 
metals  contain  polyatomic  ions.  Thus,  at  a  temperature  of  1,300-1,700°  C 
molecular  ions  of  germanium  contain  from  1  to  7  atoms  per  ion.  At  the 
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same  time,  the  results  of  the  mass  analysis  are  Independent  of  the  pres¬ 
sure  within  the  limits  of  the  variation  of  the  latter,  which  takes  place 
during  tests  (from  5  *  10“°  to  5  *  10"^  mm  Hg).  This  fact  speaks  in 
favor  of  the  assumption  that  molecular  ions  are  formed  not  in  the  vapor¬ 
ous  phase,  but  rather  during  the  course  of  evaporation,  i.e«,  these  ions 
are  probably  present  in  the  liquid.  It  is  possible  that  these  ions  are 
fragments  of  q\iasi-crystals. 

Both  individual  atoms  and  complex  molecules  may  act  as  the  struc¬ 
tural  units  of  a  liquid.  Various  researchers  have  observed  the  presence 
of  polyatomic  moleciiles  in  simple  nonmetallic  liquids  (see  the  review 
article  published  by  Gingrich,  cited  under  reference  8  in  the  oibliography 
to  this  chapter),  for  example  N2,  02»  O3,  P4,  Sg  (open  chains  and  rings). 
The  existence  of  such  molecules  can  be  detected  on  the  basis  of  the 
presence  of  Isolated  maxima  (peaks)  in  the  atomic  arrangement  function 
in  case  of  minimum  values  of  the  interatomic  distance  r.  It  is  known, 
for  example,  that  the  coordination  number  of  phosphorus  is  equal  to  6-8 
at  an  average  Interatomic  distance  of  about  3.9  a,  although  the  struc¬ 
tural  unit  in  this  case  is  the  P4  molecule  with  an  internal  interatomic 
distance  of  2.25  A. 

When  the  ten^erature  is  Increased,  not  only  can  a  change  occur  in 
the  degree  of  the  short-range  order,  which  involves  a  decrease  of  this 
order,  but  also  a  change  in  the  type  of  this  order.  The  general  ten¬ 
dencies  observed  in  this  field  consist  in  the  fact  that  a  substance, 
having  a  close-packed  structure  in  the  solid  state,  retains  a  correspond- 
ing  type  of  coordination  also  in  the  liquid  state.  A  substance  having 
a  loosely  packed  structure,  during  fusion  and  in  the  course  of  further 
heating,  undergoes  a  structural  change  and  assumes  a  close-packed  struc¬ 
ture.  A  further  increase  in  the  temperature  results  in  all  cases,  in 
view  of  an  increase  in  the  mean  interatomic  distance,  in  a  loss  of 
sti*uctural  traces  and  in  a  transition  of  the  liquid  into  a  state  of 
random  distribution  of  particles  and  into  a  vapor  state  (10).  This 
process  takes  place  in  the  critical  region.  It  is  necessaury  to  point 
out  that  the  above-mentioned  character  of  temperature  changes  in  the 
structure  of  a  condensed  system  during  fusion  and  in  the  liquid  state 
represents  merely  an  expression  of  the  most  typical  tendency  prevail¬ 
ing  in  this  case,  and  so  far  cannot  be  considered  as  a  universal  rule 
for  temperature  transformations  of  the  structure  in  view  of  the  insuf¬ 
ficient  amount  of  experimental  data  available  in  connection  with  this 
problem. 

The  concept  stated  above,  namely  that  the  closer  the  tem¬ 
perature  of  the  liquid  to  the  crystallization  point,  the  greater  the 
similarity  between  the  structure  of  a  liquid  and  the  structure  of  a 
crystal,  should  not  be  understood  in  an  excessively  simplified  manner. 

For  example,  the  study  of  the  structure  of  salol  in  the  liquid  state 
(11)  has  shown  that,  although  there  is  an  ordered  arrangement  of  atoms 
in  this  liquid,  this  arrangement  has  an  entirely  different  character 
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from  the  one  which  is  observed  in  the  solid  state.  Such  a  difference 
in  the  type  of  structural  order  found  in  the  liquid  and  solid  phase  Is 
also  ooserved  Although  to  a  lesser  extent)  in  certain  metals  such  as 
bismuth. 

On  the  other  hand^  it  has  been  estaulished  that  in  metals  the 
character  of  the  structure  observed  in  the  vicinity  of  the  solidifica¬ 
tion  point  of  the  liquid  phase  may  be  retained  when  the  liquid  is  over¬ 
heated  by  100-300°  C  above  the  melting  point.  When  the  temperature  of 
the  liquid  is  reduced,  the  effect  of  intermolecular  forces  becomes  more 
and  more  apparent,  and  these  forces  are  striving  to  aggregate  the  en¬ 
tire  complex  of  molecules  into  a  crystalline  structure,  characteristic 
for  these  particular  forces  at  the  given  temperature.  For  this  reason, 
there  is  a  natural  similarity  between  the  structures  of  a  liquid  and  a 
crystal  near  the  solidification  point. 

These  facts  are  important  from  the  standpoint  that  they  indicate 
the  presence  of  a  preparatory  stage  of  crystallization  and  its  influence 
on  the  mechanism  of  structure  formation.  In  other  words,  the  properties 
of  a  crystal  are  already  present  to  a  definite  extent  in  the  liquid 
phase.  Therefore,  the  kinetics  of  crystallization  must  be  studied  in 
close  relationship  with  phenomena  taking  place  in  the  liquid,  and  in 
connection  with  the  structure  of  the  liquid  in  the  pre-crystallization 
temperature  range. 

At  elevated  temperatures,  when  the  energy  of  the  thermal  motion 
is  high,  the  mean  Interatomic  distance  is  large,  the  effect  of  inter¬ 
molecular  Interaction  forces  is  extremely  small  (minimal),  and  thermal 
motion  predominates  over  intermolecular  forces.  For  this  reason,  it  be¬ 
comes  clear  why  the  structinre  of  a  liquid  strives  toward  a  random  dis¬ 
tribution  of  particles. 

The  study  of  ccxnblnation  scattering  in  alcohols  and  water  (12) 
in  the  critical  region  has  shown  the  existence  of  a  spectral  band, 
typical  for  the  liquid  state,  in  scattered  light  at  a  temperature  nota¬ 
bly  higher  than  the  critical  temperature,  and  vice'  versa,  the  presence 
of  scattering  lines  typical  for  gases  at  a  temperature  lower  than  the 
critical  temperature.  When  the  temperature  is  increased  near  the 
critical  region,  the  scattering  bands  become  narrower,  which  indicates 
a  continuous  transformation  of  liquid  into  vapor.  It  is  also  known 
that,  with  an  increase  in  teraperatvure,  a  gradual  destruction  of  the 
short-range  order  structure  takes  place  in  the  critical  region,  which 
is  retained  to  a  certain  extent  in  the  vaporous  state  region.  These 
facts,  as  well  as  others,  definitely  indicate  the  continuous  nature  of 
changes  in  the  properties  of  the  liquid  in  the  critical  region.  As  can 
be  easily  seen,  this  continuity  also  agrees  well  with  the  pictvire  of 
the  structure  of  a  liquid  outlined  above.  From  the  standpoint  of  this 
picture,  a  system  of  noninter acting  molecules  up  to  the  critical  tem¬ 
perature  (scattering  lines),  and  a  system  of  interacting  molecules 
above  the  critical  temperature,  represents  a  natviral  result  of  tempera¬ 
ture  changes  in  the  structure  of  a  liquid. 
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It  should  be  noted  that  the  critical  "point”  does  not  differ  in 
any  way  from  neighboring  states,  either  in  regard  to  the  structure, 
or  in  regard  to  the  combination  scattering  or  the  density.  All  three 
of  these  properties,  with  a  change  in  the  state  of  the  system,  pass 
through  the  critical  "point"  without  any  distinctive  features. 

In  conclusion,  it  should  be  emphasized  that  insofar  as  the  re¬ 
sults  of  an  x-ray  study  of  liquids  make  it  possible  to  establish  un¬ 
ambiguously  only  the  existence  of  a  short-range  order  structure  in  a 
liquid,  to  the  same  extent,  the  picture  of  the  structure  of  a  liquid 
outlined  above  is  a  hypothetical  one. 

The  question  concerning  the  expediency  of  introducing  this  pic¬ 
ture  in  the  capacity  of  a  working  hypothesis  can  be  answered  in  the 
affirmative  in  view  of  the  fact  that  this  pictiure  makes  it  possible  to 
clarify  physically  a  number  of  facts  which  will  be  discussed  below. 

3.  The  Phenomenon  of  Crystallization  of  Liquids 

As  a  result  of  the  work  done  by  V.  I.  Danilov  and  his  associates 
(13),  it  has  been  shown  that  insoluble  admixtures  (impurities)  exert  a 
decisive  influence  on  the  kinetics  of  crystallization  of  liquids. 

Certain  liquids,  for  example,  salol,  would  not  crystallize  at 
all  in  the  absence  of  impurities.  In  contrast,  ortho-chloronitrobenzene 
and  metals  crystallize  after  a  most  thorough  purification  and  removal 
of  impurities.  According  to  this  symptom,  liquids  can  be  subdivided 
into  those  which  crystallize  only  as  a  result  of  the  presence  of  impuri¬ 
ties,  and  those  which  crystallize  spontaneously. 

As  is  known  from  thermodynamics,  a  solid  phase  nucleus  with  a 
mean  radius  a  is  in  equilibrium  with  the  surroun^ng  liquid  at  an  abso¬ 
lute  temperatiire  T,  which  is  determined  by  the  equality: 

-  «  2wro  (6.13) 

‘  — 

where  o  is  the  mean  surface  tension  of  the  nucleus,  v  is  the  volume  of 
the  solid  phase,  calculated  for  one  molecule,  Tq  is  the  temperature  of 
the  phase  equilibrium  in  case  of  a  negligibly  small  value  of  the  surface 
energy  in  comparison  to  the  internal  energy,  Q  is  the  latent  melting 
heat,  calculated  per  molecule. 

The  difference 

To—T=H  (6.14) 

represents  the  supercooling  depth  of  the  liquid.  According  to  formula 
(6.13),  it  is  obvious  that,  if  at  a  given  supercooling  depth,  a  nucleus 
with  a  mean  radius  ai<a  is  formed  in  a  fluctuating  manner,  this  nucleus 
can  oe  present  in  a  state  of  equilibrium  only  when  the  liquid  is  subjected 
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to  a  deeper  supercooling;  consequently,  in  relation  to  the  given  tem¬ 
perature,  the  nucleus  #111  be  overheated  and  must  again  past^.  into  the 
liquid  state.  If,  at  the  same  supercooling  depth,  the  nucleus  formed 
vd.ll  have  a  mean  radius  of  82  >  a,  then,  in  relation  to  the  given  tem¬ 
perature,  this  nucleus  will  be  additionally  supercooled  and  will  grow. 

It  was  noted  above  that  a  spontaneous  crystallization  was  not 
observed  in  certain  li^ds.  However,  it  is  possible  that  the  time  in¬ 
tervals,  during  which  observations  were  conducted,  were  too  short  to 
allow  the  spontaneous  formation  of  nuclei  of  the  required  size,  which 
would  be  capable  of  growing.  '.iJe  should  recall  that  common  glass  is  a 
supercooled  liquid,  present  in  a  metastable  state,  but  which  is  capable, 
after  a  long  period  of  time,  to  switch  over  into  a  stable  state,  i.e., 
to  crystallize. 

It  is  possible  to  assume  that  tne  reason  for  such  a  behavior  of 
a  liquid  lies  in  the  small  size  of  individual  quasi-crystals,  the  di¬ 
mensions  of  which  are  not  sufficiently  large  to  allow  the  formation 
on  their  basis  of  a  nucleus  at  a  given  supercooling  rate.  Then,  after 
a  sufficiently  long,  and  possibly  very  long,  time  lag,  as  a  result  of 
fluctuations,  a  reorientation  of  adjacent  quasi -crystals  may  take  place, 
which  will  result  in  the  formation  of  a  large  quasi-crystal,  capable  of 
acting  as  the  initial  onset  of  a  crystallization  center. 

Suen  an  approach  eliminates  the  difference  between  crystallizing 
and  non-crystallizing  liquids,  since  the  only  difference  between  these 
two  types  of  liquids  consists  in  the  average  period  of  time  required 
for  the  formation  of  a  nucleus. 

If  the  crystallization  sets  in  and  proceeds  at  a  ten^erature  Tq, 
then  in  this  case  all  atoms  must  be  combined  in  the  form  of  quasi¬ 
crystals,  which  are  converted,  during  the  course  of  solidification, 
into  solid  phase  crystals.  Thus,  from  the  standpoint  of  the  picture  of 
the  structure  of  a  liquid  outlined  above,  the  crystallization  process 
consists  in  the  conversion  of  a  short-range  order  into  a  long-range 
order  in  each  quasi-crystal. 

In  the  narrow  range  of  ten^eratures  near  the  solidification 
point,  the  mode  of  arrangement  of  scattering  centers  in  quasi-crystals 
is  very  similar  to  the  one  present  in  the  solid  phase  of  the  given  sub¬ 
stance  near  the  melting  point,  while  the  number  of  particles  present 
in  a  state  of  random  wandering  is  small  in  comparison  to  the  number  of 
particles  combined  in  the  form  of  quasi-crystals. 

Regardless  of  the  fact  as  to  whether  the  onset  of  crystallization 
centers  takes  place  on  impurities  or  these  centers  arise  spontaneously, 
there  is  a  definite  connection  betv/een  the  depth  of  supercooling  and 
the  rate  of  onset  of  crystallization  centers  w.  The  nature  of  this  re¬ 
lationship  is  illustrated  in  Figure  35.  This  type  of  curve  characterizes 
both  the  process  of  spontaneous  crystallization  as  well  as  the  crystal¬ 
lization  on  insoluble  impurities. 
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In  the  case  of  salolf  this  complete  curve  can  be  obtained  experi¬ 
mentally  (14)* 

As  was  noted  above,  the  crystallization  of  salol  is  based  pri¬ 
marily  on  the  presence  of  in?)urities,  and  in  this  case,  the  curve  shown  in 
Figure  35  also  reflects  the  rules  governing  crystallization  on  impuri¬ 
ties.  In  case  of  metals,  the  peak  and  the  falling  branch  of  the  curve 
shown  in  Figure  35  cannot  be  obtained  experimentally.  In  this  case,  a 
spontaneous  crystallization  certainly  takes  place,  and  the  initial  sec¬ 
tor  of  the  curve  (in  ease  of  a  slight  supercooling)  at  least  reflects 
the  rules  governing  spontaneous  crystallization. 

From  the  standpoint  of  the  concepts  being  developed  here,  the 
process  of  spontaneous  crystallization  takes  place  in  such  a  way  that, 
as  the  depth  of  supercooling  is  increased,  an  ever  greater  number  of 
quasi -crystals  per  second  are  converted  into  crystallization  nuclei. 

This  process  grows  in  Intensity  like  an  avalanche  and  is  interrupted 
when  the  entire  mass  of  the  liquid  solidifies.  The  linear  velocity  of 
crystal  growth  is  expressed  to  a  minimum  degree,  and  as  a  result  a 
finely  dispersed  metal  structure  is  obtained.  'Ahea  the  crystallization 
process  proceeds  in  this  manner,  it  is  indispensable  that  the  dimensions 
of  the  quasi-crystals  should  be  so  small  that  their  nximber  is  very 
large;  on  the  other  hand,  the  dimensions  of  these  crystals  should  be 
large  enough  so  that  each  quasi-crystal  may  cause  the  onset  of  an  inde¬ 
pendent  crystallization  center.  If,  on  the  other  hand,  a  single  crystal 
is  obtained  as  a  result  of  cooling,  this  indicates  that  the  liquid  con¬ 
tained  crystals  of  an  excessively  large  size  near  the  crystallization 
point,  so  that  the  latter  could  not  act  as  centers  for  the  onset  of 
nuclei,  and  only  as  a  result  of  accidental  reasons  did  one  of  these 
crystals  act  as  a  foundation  for  the  formation  of  a  nucleus  of  a  new 
phase.  During  the  further  process  of  crystallization,  the  linear 
velocity  of  the  growth  of  tne  nucleus  plays  a  major  role.  This  fact 
plays  such  a  dominant  role  that  the  bulk  of  the  metal  crystallizes  be¬ 
fore  the  appearance  of  auy  other  new  nucleus. 

4.  Viscosity  of  Metals  and  A.  I.  Bachinskjy's  Formula 

A  study  of  the  viscosity  of  metallic  liquids  in  connection  with 
Bachinskiy's  formula  is  of  interest  in  view  of  the  fact  that  metallic 
liquids  have  a  simple  structure  in  comparison  with  polyatomic  organic 
liquids. 

The  extent  to  which  metals  comply  with  Bachinskiy's  formula  is 
illustrated  in  Figures  36  and  37.  Figvure  36  is  derived  from  Figures 
19  and  30  on  the  basis  of  our  data,  and  Figure  37  is  based  on  data  ob¬ 
tained  by  other  researchers,  with  the  exception  of  the  bismuth  and  lead 
curves,  which  were  obtained  during  the  study  of  the  viscosity  of  a  lead- 
bismuth  alloy.  The  presence  of  water-type  deviations  from  Bachinskiy's 
formula  must  be  considered  as  a  typical  property  of  metals. 
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In  case  of  many  metals,  deviations  in  the  viscosity  from  Bachln- 
skiy's  formula  are  not  expressed  in  a  particularly  striking  degree.  Among 
the  m  tals  listed  in  Figures  36  and  37,  the  greatest  deviations  are  ex¬ 
hibited  by  gallium  and  mercury;  however,  in  this  case,  one  should  keep 
in  mind  that  the  study  of  the  viscosity  of  these  metals  covers  a  maximum 
wide  range  of  tenq;>erature  variations  in  view  of  the  extremely  low  melt¬ 
ing  points  of  these  metals  (Hg:  -  38.9*^  C,  Ga:  +  29*8°  C). 

According  to  their  type  of  structiure  in  the  solid  phase,  the 
metals  listed  in  Figures  36  and  37  can  be  classified  as  follows.  Pb  and 
Al  have  a  highly  close-packed  face-centered  cubic  lattice  with  a  coordi¬ 
nation  number  of  12.  K  and  Na  have  a  body-centered  cubic  lattice  with 
a  coordination  number  of  8.  Cd  and  Zn  are  characterized  by  a  hexagonal 
loosely  packed  lattice  with  a  coordination  number  of  6  -t-  6.  A  lattice, 
which,  in  the  first  approximation,  represents  a  simple  cube  with  a  co¬ 
ordination  number  of  6  is  characteristic  for  Bi  and  Sb.  The  tetragonal 
cell  of  Sn  has  a  coordination  number  of  4  2  (two  atoms  are  located  at 

a  somewhat  greater  distance  than  the  other  four  atoms).  Ga  has  a  rhombic 
structure  and  its  coordination  number  is  expressed  oy  the  sum  1  -t-  1  -t- 
l  +  l-fl  +  l-*-!.  Finally,  the  structure  of  Hg  is  related  (similar)  to 
a  face-centered  cube  and  has  a  coordination  number  of  6  -t-  6. 

By  examining  Figures  36  and  37,  it  is  possible  to  draw  the  con¬ 
clusion  that  these  metals  can  be  arranged  in  approximately  the  same  se¬ 
quence  if  one  atten^ts  to  arrange  them  in  an  order  of  growing  deviations 
from  bachlnskiy's  formula.  And  the  same  sequence  must  be  adopted  if, 
after  excluding  merciury,  the  metals  are  arranged  in  order  of  decreasing 
con^actness  of  atoms  (packing  density). 

In  case  of  all  metals,  the  greatest  deviations  from  Bachlnskiy's 
formula  are  observed  primarily  in  the  narrow  ten^rature  range  near  the 
solidification  point.  These  deviations  are  clearly  observed  in  those 
cases  when,  during  the  course  of  the  viscosity  measurement,  it  was  pos¬ 
sible  to  come  very  close  to  the  solidification  point. 

In  addition,  a  slight  bend  (inflection)  of  the  curves  #£__\  is 

V  'po^ 

apparently  typical  for  all  metals.  It  should  be  noted  that  in  most 
cases,  the  character  of  this  bend  is  such  that  points  can  be  lined  up 
rather  easily  even  on  straight  lines.  Straight  lines  are  plotted  in 
Figure  36,  and  this  curvature  is  especially  emphasized  in  Figure  37. 

It  follows  from  the  statements  made  above  that  Bachlnskiy's  formula  for 
metals  is  an  approximate  formula,  out  at  the  same  time  this  formula  de¬ 
scribes  rather  well  the  behavior  of  the  viscosity,  particularly  if  the 
temperature  range  in  which  the  viscosity  is  studied  is  not  too  wide. 

If  we  disregard  the  narrow  pre-crystallization  temperature  region, 
we  can  see  that  the  extent  to  which  the  viscosity  complies  with  Bachin- 
skiy's  formula  is  determined  mainly  oy  the  behavior  of  the  curve  1, 

V 

in  tne  region  of  high  tempera txires  (TCX)®  C  and  above).  For  example,  in 
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case  of  bismuth  (Figure  19),  the  shape  of  the  viscosity  curve  was  found 
to  be  somewhat  different  in  two  tests  with  different  samples.  The  bi¬ 
furcation  of  the  upper  part  of  the  bismuth  cvirve  shown  in  Figure  36 
corresponds  to  this  bifurcation  of  the  viscosity  curve,  which  is  ob¬ 
served  at  700°  C.  Whereas  a  linear  dependence  of  1,  on  the  density  was 

V 

Obtained  in  one  test,  the  second  test  can  be  described  only  by  means  of 
a  clearly  expressed  curvilinear  dependence  of  1_  The  bismuth  curve 

shown  in  Fig\u*e  37  also  exhibits  a  concavity  toward  the  abscissa  axis 
as  a  result  of  a  bend  in  the  high- temperature  region. 

A  comparison  between  the  structure  of  liquids  and  the  degree  to 
which  the  viscosity  of  these  liquids  complies  with  Bachinskiy's  formula 
is  certainly  of  great  interest.  Unfortunately,  in  view  of  the  insuf¬ 
ficient  experimental  data  available,  we  are  forced  to  limit  ourselves 
here  to  certain  considerations  which  are  qualitatively  supported  by 
experiments. 

The  close-packed  structure  of  lead  and  aluminum  is  preserved  in 
the  liquid  state.  The  structure  of  these  metals,  while  undergoing  a 
gradual  destruction,  probably  remains  unchanged  over  the  entire  tempera¬ 
ture  range  in  which  their  viscosity  is  studied. 

Zinc,  cadmium,  potassium  and  sodium  possess  an  almost  close-packed 
structure  (although  of  a  different  type),  and  even  if  changes  in  this 
structure  do  take  place  during  the  heating  process,  these  changes  are 
insignificant. 

In  regard  to  bismuth  and  tin,  although  their  structure  in  the 
liquid  state  is  far  from  being  close-packed,  nevertheless,  according  to 
the  study  conducted  by  V,  I.  Danilov  and  V.  Ye.  Neymark  (15),  it  can  oe 
stated  that  this  type  of  structure  is  retained  during  strong  ovcrheatini^s 
of  about  100-3CX)°  C  above  the  melting  point,  i.e.,  the  structure  of  bis¬ 
muth  and  tin  remains  unchanged  in  a  rather  wide  range  of  temperature 
changes.  Probably  the  same  thing  happens  in  the  case  of  antimony  since 
the  structure  of  the  latter  in  the  solid  state  is  identical  with  the 
structure  of  bismuth. 

Kercury  and  gallium  retain  their  type  of  structure  over  the  en¬ 
tire  temperature  range  in  which  their  viscosity  is  studied.  In  any 
case,  it  is  known  in  regard  to  mercury  that  the  latter  has  a  close- 
packed  structure  in  the  liquid  state,  except  for  an  interval  of  several 
degrees  near  its  solidification  point,  where  its  structure  undergoes  a 
change  and  assumes  a  stiructure  corresponding  to  the  solid  phase  (16). 

A  similar  phenomenon,  apparently,  is  observed  in  the  case  of  gallium. 

Thus,  if  we  limit  ourselves  to  regions  where  metallic  liquids 
are  not  subject  to  an  excessive  overheating,  the  viscosity  of  these 
liquids,  provided  there  is  no  structural  change  in  the  liquid  phase, 
complies  sufficiently  well  with  Bachinskiy's  formula.  The  deviations 
which  are  observed  occur  in  the  pre-crystallization  temperatiure  range. 
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In  this  connection,  it  is  interesting  to  note  that  deviations 
from  Bachlnskiy's  formula  are  much  more  strongly  expressed  in  water 
(Figure  36)  than  in  metals.  These  deviations  occur  in  a  more  narrow 
temperature  range,  in  which  a  change  corresponding  to  the  type  of  struc¬ 
ture  of  liquid  water  takes  place,  as  was  mentioned  in  §  ^  in  this  chap¬ 
ter. 

Consequently,  it  is  possible  to  assume  that  deviations  in  the 
viscosity  from  Bachlnskiy's  formula  are  smaller  when  the  structure  of 
the  liquid  remains  unchanged  (constant),  and  greater  when  this  struc¬ 
ture  undergoes  a  change.  Specific  deviations  from  Bachlnskiy's  formula 
near  the  solidification  point,  in  this  case,  are  not  taken  into  account. 

In  addition  to  points  taken  from  Figure  19,  3  points  from  Fig¬ 
ure  21,  obtained  during  the  cooling  of  the  metal,  are  also  plotted  on 
Figxire  36  (tin).  These  3  points  fit  well  on  the  straight  line  drawn. 

A  comparison  of  the  results  shown  in  Figure  21  with  those  shown  in  Fig¬ 
ure  27  indicates  that  in  this  particular  case  we  are  dealing  with  the 
phenomenon  of  supercooling. 

Thus,  during  the  supercooling  of  tin,  the  rectilinear  dependence 
of  1  on  p  continues  all  the  way  up  to  the  equilibrium  crystallization 
V 

point.  This  fact  can  be  interpreted  as  a  delay  in  the  process  Involving 
the  formation  in  the  liquid  phase  of  a  short-range  order  structure  ac¬ 
cording  to  a  type  corresponding  to  the  crystalline  state.  In  other 
words,  the  supercooling  is  determined  by  a  delay  in  the  preparation  of 
the  crystalline  structure  in  the  liquid  phase,  leading  to  the  formation 
of  a  metastable  state  of  the  liquid. 

The  phenomenon  of  supercooling  takes  place  with  great  difficulty 
in  the  case  of  lead,  which  in  the  solid  phase  has  a  close-packed  struc¬ 
ture.  Possibly  the  reason  for  this  lies  in  the  fact  that  a  short- 
range  order  structure,  corresponding  to  the  structure  of  a  crystal,  in 
this  case  is  present  in  the  liquid  phase  practically  at  any  temperature. 
Consequently,  the  liquid  always  possesses  structural  elements  capable 
of  paving  the  way  for  the  structure  formation  of  a  crystal,  provided 
the  temperature  conditions  are  suitable  for  this  purpose. 

As  was  already  pointed  out  above,  Bachlnskiy's  formula  accounts 
for  the  temperature  dependence  of  the  viscosity  only  by  means  of  thermal 
eiqjansion,  and  does  not  account  for  this  dependence  in  an  explicit  form. 
If,  on  the  other  hand,  this  factor  is  taken  into  consideration  in  the 
form  of  an  additional  addend  in  the  right  side  of  equation  (6.3),  then, 
on  the  basis  of  physical  considerations,  it  becomes  clear  that  1  must 
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necessarily  increase  in  relation  to  the  fluidity,  which  is  due  only  to 
a  thermal  expansion.  At  the  same  time,  the  fluidity  curves  of  ntetallic 
liquids  in  the  high  temperature  region  are  actually  deflected  not  up¬ 
wards,  but  rather  downwards,  from  a  straight  line  corresponding  to 
Bachinskiy's  formula. 
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Further,  it  is  obvious  that  the  temperature  dependence  of  the  vis¬ 
cosity  cannot  also  be  accounted  for  by  means  of  the  factor  b  in  Bachin- 
skiy's  formula.  Indeed,  if  we  assume  that  b  depends  on  the  ten^rature, 
then,  since  b  is  a  q\iantity  proportional  to  the  intrinsic  (eigen)  volume 
of  molecules,  it  can  only  decrease  when  the  temperature  Increases  (ac¬ 
cording  to  the  decrease  in  the  effective  molecular  diameter  dvuring  heat¬ 
ing),  and  this  in  turn  results  in  higher  values  of  the  fluidity  in  re¬ 
lation  to  the  straight  line  ^  in  the  high  temperature  region,  which 

contradicts  experimental  data. 

Thus,  the  temperature  dependence  of  the  viscosity  cannot  be  ex¬ 
plained  in  explicit  form  either  in  the  form  of  an  additional  term  in 
the  fluidity  expression  (6.3),  or  means  of  the  temperature  dependence 
of  factor  b.  Consequently,  only  the  modulus  of  viscosity  C  remains, 
vAilch  must  increase  with  the  temperature,  in  order  that  a  change  in  vis¬ 
cosity  may  be  properly  eiqpressed  by  means  of  a  Bach inskiy- type  equation. 

Values  of  the  constants  found  in  Bachinskly's  formulas,  according 
to  Figxire  36,  are  presented  in  Table  13. 


Table  13 


c 

Ketal  §2 

•  10^, 
cm/sec 

b.  cu  cm/e 

£  .  10-6 

vi 

Vs 

Bismuth 

95 

0.095 

1.04 

0.100 

0.102 

Lead 

99 

0.091 

0.92 

0.094 

0.091 

Tin 

125 

0.136 

1.09 

0.143 

0.137 

Aluminum 

545 

0.364 

0.67 

0.407 

0.392 

Zinc 

148 

0.140 

0.95 

0.1U 

0.134 

Cadmium 

124 

0.120 

0.97 

0.125 

0.119 

Here,  C 

and  b  are 

constants  in 

Bachinskly's 

formula  (6.1) 

,  v 

and  Vs  are  the 

specific  volumes  of  the 

liquid  and  solid  phase  at 

the 

melting  point,  respectively.  If  we  disregard  bismuth,  which  exhibits 
an  abnormal  volume  change  during  fusion,  we  find  that,  for  the  remain¬ 
ing  metals,  the  value  of  b  is  close  to  t^at  of  Vg. 

It  can  be  stated  that,  to  the  extent  to  vdiich  Bachinskly's  formula 
is  in  general  suitable  for  describing  the  viscosity  of  liquids,  b  is  a 
constant  quantity  and  coincides  with  the  value  of  the  specific  volume  of 
the  solid  phase  at  the  melting  point. 


F 

8 

8 


The  rectilinear  dependences  of  1  shovm  in  Figvire  36,  are 

preserved  when  using  data  on  the  density  of  metals  obtained  by  various 
authors  (naturally,  in  case  of  slightly  different  C  and  b  values).  This 
fact  served  as  a  basis  for  the  expression  of  definite  statements  con¬ 
cerned  with  the  possible  use  of  Bachinskiy's  formula  for  metallic  sys¬ 
tems,  without  measuring  the  density  of  these  systems.  It  is  difficult 
to  check  Bachinskiy's  formula  for  metal  alloys  in  view  of  the  lack  of 
density  data,  corresponding  to  the  required  concentrations  of  the  tested 
alloys.  However  methods  are  known  ^  means  of  which  it  is  possible 
to  overcome  the  difficulty  arising  at  this  point. 

For  alloys,  the  densities  of  which  are  known,  it  is  possible  to 
obtain  values  of  p(t),  corresponding  to  the  necessary  interpolation 
concentrations.  This  method  has  been  used  on  bismuth-tin  systems.  In 
case  the  viscosity-coit^osition  isotherms  do  not  clearly  point  out 
the  existence  of  a  chemical  compound,  the  additivity  rule  may  be  used 
to  determine  the  density  of  alloys.  This  method  has  been  used  in  con¬ 
nection  with  the  tin-lead  system.  Finally,  it  is  known  that  the  den¬ 
sity  of  metals  and  metal  alloys  linearly  depends,  with  a  high  degree 
of  accuracy,  on  the  temperature,  within  a  wide  range  of  temperature 
variations.  For  this  reason,  1  for  metal  alloys,  according  to  Bachin- 

V 


skiy's  formula,  must  be  a  linear  function  of  the  temperature.  This 
method  has  been  used  for  lead-bismuth  alloys. 

The  results  of  a  corresponding  processing  of  the  data  shown  in 
Figures  25,  22  and  29  are  presented  in  Figxures  38,  39  and  40.  An 
examination  of  these  figures  allows  us  to  conclude  that  the  alloys 
studied  yield  deviations  from  Bachinskiy's  formula  of  the  water  type. 

For  different  alloys,  these  deviations  are  expressed  in  a  different 
degree. 

According  to  V.  I,  Danilov  and  I,  V.  Radchenko  (17),  who  per¬ 
formed  an  x-ray  diffraction  study  of  the  structure  of  Fb-Bi,  Sn-Bi, 

Sn-Fb  and  Sn-Zn  alloys  in  eutectic  concentration,  these  alloys  in  a 
liquid  state  consist  of  individual  regions,  the  structure  of  which  is 
closely  related  to  the  sti*ucture  of  pure  components.  A  complete  molecu¬ 
lar  mixing  was  not  observed  in  the  above  studied  alloys,  and  individual 
regions  exhibit  a  predominant  concentration  of  one  or  another  component, 
i.e.,  the  alloy  constitutes  a  system  similar  to  a  solid  eutectic.  This 
conclusion  on  the  structure  of  liquid  alloys  was  confirmed  on  the  basis  of 
the  eutectic  alloy  lead-bismuth  in  a  study  conducted  by  A.  I.  Danilova 
and  V.  I.  Danilov  (18). 

The  absence  of  a  molecular  uniformity  in  the  structure  of  liquid 
mixtures  is  observed  not  only  in  metallic  systems.  For  example,  the 
systems  acetone-water  and  nicotine-water  also  exhibit  a  nonuniform  mo¬ 
lecular  structure  (19).  The  above  statements  concerning  the  structure 
of  binary  systems  refer  to  such  systems,  in  which,  according  to  other 
data,  chemical  compounds  in  the  liquid  phase  are  absent. 
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An  entirely  different  structure  is  observed  in  binary  systems 
vdiich  are  capable  of  forming  an  intermetallic  compound,  for  example 
Tl2Hg5«  In  this  case,  the  diffraction  picture  obtained  from  liquid 
TloHgj  differs  sharply  from  the  diffraction  pictures  formed  by  thallium 
and  mercury  in  the  liquid  state. 

As  in  the  case  of  pure  metals,  deviations  of  the  water  type  from 
Bachinskiy's  formula,  established  for  metallic  alloys,  are  associated 
by  us  with  the  phenomenon  involving  an  alignment  of  the  atomic  arrange¬ 
ment  with  the  crystalline  structure  of  the  solid  phase. 

From  the  standpoint  of  the  concepts  developed  here,  deviations 
from  Bachinskiy's  formula  must  be  greater  in  alloys,  which  do  not  con¬ 
tain  a  conponent  having  a  close-packed  structure,  than  in  an  alloy,  one 
or  both  components  of  which  have  a  close-packed  structure.  In  struc¬ 
tures  which  are  close-packed  in  the  solid  state,  the  process  involving 
an  alignment  of  atomic  arrangement  extends  over  a  narrower  temperature 
range  than  in  the  case  of  loosely  packed  structures.  In  temperature 
regions  with  a  constant  type  of  short-range  order  in  the  liquid,  the 
viscosity  conplies  with  Bachinskiy's  formula.  Therefore,  the  following 
arrangement  of  the  studied  alloys  according  to  the  degree  of  increasing 
deviations  from  Bachinskiy's  formula  can  be  expected:  lead-tin,  lead- 
bismuth,  bismuth- tin.  An  examination  of  Figures  3d,  39  and  40  shows 
that  experiments  do  not  contradict  such  a  sequence. 

V.  A.  Konstantinov  (20),  while  measuring  the  viscosity  of  eutectic 
alloys  Sn-Zn  and  Sn-Bi  near  the  crystallization  point  by  the  oscillating 
ball  method,  noted  that  when  the  alloy  is  held  at  a  temperature  several 
degrees  higher  than  the  liquidus,  crystallization  may  take  place  on  the 
steel  surface  of  the  ball. 

The  reason  for  the  phenomenon  noted  above  may  consist  in  the  fact 
that  a  heat  removal  (cooling)  from  the  liquid  metal  was  taking  place 
through  the  ball  and  the  rod  connected  with  this  ball,  and  therefore 
the  surface  of  the  bedl  assumed  the  crystallization  temperature  before 
this  temperature  was  established  in  the  entire  volume  of  the  liquid. 

In  addition,  it  can  be  assvimed  that  the  author  was  confronted  with  the 
phenomenon  of  settling  of  quasi-crystals  on  inhomogeneities  at  tempera¬ 
tures  somewhat  higher  than  the  crystallization  temperature.  Under  these 
conditions,  the  quasi -crystals,  being  close  to  crystals  in  regard  to 
the  strength  of  their  interatomic  linkages,  exert  a  noticeable  effect 
on  the  torsional  oscillations  of  the  ball,  and,  naturally,  are  immedi¬ 
ately  converted  into  solid  crystals  as  soon  as  the  ball  is  taken  out  of 
the  liquid. 

As  a  rule,  a  discrepancy  is  noted  in  viscosity  measurements  of  the 
same  metals  near  the  solidification  point  (see  Figure  21).  If,  in  the 
tests  performed  by  V.  A.  Konstantinov,  a  settling  of  quasi-crystals  actu¬ 
ally  takes  place  on  Inhomogeneities  (wall  of  the  ball),  then  discrepan¬ 
cies  of  the  type  shown  in  Figure  21  can  naturally  be  explained  as  being 
due  to  a  different  influence  of  quasi-crystals  during  different  tests. 
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5,  Mechanism  of  the  Viscous  Flow  of  Liquids 


The  presently  knovm  theories  of  the  viscous  properties  of  liquids 
lead  to  a  number  of  interesting  results.  The  monographs  published  by 
Ya.  N.  Frenkel',  Green,  Eyring,  and  co-authors,  G,  M.  Fanchenkov,  and 
the  studies  of  Andrade  may  serve  as  a  good  illustration  of  the  progress 
achieved  in  this  field  (21). 

We  are  not  concerned  with  a  critical  discussion  and  examination 
of  the  existing  concepts  on  the  viscosity  of  liquids  (Note:  A  review 
of  the  theories  of  the  viscosity  of  liquids  is  presented  in  Panchenkov's 
monograph,  cited  under  reference  21  in  the  bibliography  of  this  chapter). 
Such  a  task  would  lead  us  too  far  away  from  our  main  topic  and  in  gen¬ 
eral  hardly  app>ears  to  be  advisable.  Indeed,  the  principal  defects  of 
the  existing  theories  on  the  viscosity  of  liquids  are  sufficiently 
clear,  and  none  of  these  theories  contain  any  kind  of  fine  elements 
which  are  hard  to  detect.  Therefore,  we  shall  limit  ourselves  to  a 
very  brief  description  of  the  physical  picture  of  the  mechanism  of  vis¬ 
cous  flow,  which  lies  at  the  base  of  certain  viscosity  theories  of  in¬ 
terest  to  us  in  connection  with  the  picture  of  the  structure  of  a  liquid 
outlined  above. 

Let  us  start  our  examination  by  considering  the  concepts  vAiich 
lead  to  an  exponential  formula  showing  the  dependence  of  the  viscosity 
on  1,  where  T  is  the  absolute  temperature.  A  model  of  a  liquid  is  based 

f 

on  the  concept  of  a  quasi-crystalline  structure,  exhibiting  a  derange¬ 
ment  in  the  order  of  its  atomic  arrangement.  This  derangement  of  the 
atomic  arrangement  (in  relation  to  an  ideal  crystal  lattice)  results  in 
the  fact  that,  for  certain  atoms,  the  potential  barrier  of  the  energy 
of  interaction  with  the  closest  neighboring  atoms  is  reduced.  As  a  re¬ 
sult,  by  applying  a  small  tangential  force,  it  is  possible  to  effect  a 
transition  of  an  atom  from  one  equilibrium  position  into  a  neighboring 
position,  and,  as  a  resulting  effect,  to  effect  the  movement  of  one 
layer  of  the  liquid  in  relation  to  another,  i.e.,  to  create  a  viscous 
flow.  Theiefore,  the  assuoiption  concerning  the  appearance  of  vacant 
spots  in  a  disrupted  crystal  lattice  of  the  liquid  plays  a  basic  role 
in  this  particxxlar  scheme  of  a  viscous  flow.  This  assumption  is  based 
on  data  obtained  during  the  x-ray  analysis  of  the  structure  of  liquids, 
and  also  on  the  deterndning  role  of  a  free  volume  in  phenomena  Involving 
the  presence  of  a  viscous  flow. 

Such  is  the  mechanism  of  a  viscous  flow,  sketched  in  the  most 
general  and  schematic  features,  which  leads  to  an  exponential  dependence 
of  the  viscosity  on  1. 

T 

The  most  strict  application  of  this  conception  is  found  in  the 
works  of  Eyring  auid  his  associates,  although  it  was  first  formulated  by 
Ya.  I.  Frenkel'.  According  to  these  concepts,  the  viscous  properties 
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of  a  liquid  are  intimately  associated  with  the  statistical  theory  of 
absolute  velocities  of  chemical  reactions.  According  to  gyring  (21), 
the  free  energy  of  activation  of  a  viscous  flow,  calculated  per  mole 
of  liquid,  Fvis*  ^  expressed  by  means  of  the  following  relation: 

/Vl,  =«rin^  =  Rrin^. 

where  \i  is  the  molecvilar  weight  of  the  liquid,  v  is  the  kinematic  vis¬ 
cosity  of  this  liquid,  N  is  the  Avogadro  number,  h  is  Planck's  constant, 
V  is  the  molecular  volume,  T,  is  the  dynamic  viscosity,  and  R  is  the  gas 
constant. 

Expression  (6.15)  obviously  is  a  somewhat  different  form  of 
recording  the  well-known  exponential  expression  for  the  viscosity 
Note:  fVom  (6.15),  with  the  aid  cf  (b. 17),  the  following  formula  can 
be  obtained: 


The  temperature  dependence  of  Fyis  for  metallic  liquids  (assumed 
to  be  monoatomic  liquids)  is  illustrated  in  Figxires  41  >  42  and  43.  From 
these  figures  it  can  be  seen  that  F^j^g  is  an  increasing  linear  function 
of  the  ten|)erature  (steel  1010  represents  an  exception),  with  a  certain 
disturbance  in  the  linearity  near  the  crystallisation  point  in  the  case 
of  bismuth,  lead  and  tin,  approximately  in  the  same  region  where  a  devi¬ 
ation  from  bachinskly's  formula  is  observed. 

The  consequence  resulting  from  experiments: 

’’n,  —  A-\-B7,  (6.16) 

where  A  and  B  are  positive  constants,  when  compared  with  tne  thermo¬ 
dynamic  formula: 

^vis=^i8  — ^"^8  (6.17) 

leads  to  the  following  relations: 

Eyis  =  A  =  const, 

5,13  =  —  fl  =  con8t. 

Consequently,  the  change  in  the  entropy,  vdien  an  atom  partici¬ 
pates  in  the  viscous  flow  process,  does  not  depend  on  the  temperature 


(6.1<5) 
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and  is  a  negative  change.  In  other  words,  the  entropy  of  an  activated 
atom  is  smaller  than  the  entropy  of  an  atom  present  in  the  original  state 
of  stable  equilibrium. 

Over  100  nonmetallic  liquids  have  approximately  the  same  ratio 
between  the  evaporation  energy  Eev  energy  of  viscous  flow 

Fyis* 


ev 


^vis 


2,45. 


(6.19) 


In  addition,  the  following  inequation  applies  to  these  liquids: 


(6.20) 


In  the  case  of  metallic  liquids,  the  last  ratio  lies  predomi¬ 
nantly  in  the  range  of  10-30.  If,  in  the  case  of  metals,  we  take  the 
following  function: 

Evis  ' 

where  r^Qj^  and  stand  for  the  ionic  and  atomic  radius  of  the  given 

element,  respectively,  then  the  value  of  this  function  will  be  close  to 
3  or  4. 

From  here,  Eyring  concludes  that  an  ion,  freed  of  its  valence 
electrons,  acts  as  the  individual  structural  particle  which  takes  part 
in  the  viscous  flow  process  in  metals.  A  neutral  atom  acts  as  a  similar 
particle  in  the  evaporation  process. 

As  far  as  it  is  possible  to  judge  on  the  basis  of  the  available 
experimental  data,  there  is  no  correlation  whatsoever  between  F.vls 
other  physical  characteristics  (atomic  and  ionic  reulii,  valence,  atomic 
numbers,  etc.). 

Table  14  gives  the  values  of  the  energy  Ey^s  and  of  the  entropy 
Sy^g,  calculated  from  the  rectilinear  dependencies  shown  in  Figures  41-43. 

As  Ya.  I.  t'renkel*  has  shown  even  earlier,  the  exponential  formula 
of  the  (6.15)  ty,je  can  be  derived  with  the  aid  of  the  rheological  con¬ 
cepts  presented  in  Chapter  V. 

According  to  these  concepts,  the  viscosity  is  expressed  by  the 
formula:  1]  =  The  condition  |^)  ^  |c  |  indicates  that  the  medium 

under  study  is  a  liquid  which  con^lies  with  Newton's  internal  friction 
law.  Thus,  in  order  to  obtain  a  formula  which  will  express  the  vis¬ 
cosity,  it  is  necessary  to  find  the  e^qiression  for  the  relaxation  time. 
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Table  U 


Eev  Evis  Eev  ^via 

K^etal  cal/mole  cal/mole  gvis  cal/mole  »  degree 

Tin  86,000  1,280  65  -  6,2 


Bismuth 

39,000 

1,800 

22 

-  6.0 

Lead 

45,000 

2,240 

20 

-  6.4 

Aluminum 

59,000 

2,010 

29 

-  5.0 

Zinc 

30,000 

2,550 

12 

-  4.6 

Cadmium 

26,000 

2,550 

10 

—  4. 6 

Iron 

72,000 

— 

— 

— 

Steel,  grade  1045 

— 

9,700 

— 

-  4.0 

f|  If 

EKh12 

— 

6,300 

-  5.1 

II  II 

ShKhI 2 

— 

7,600 

— 

-4.8 

II  If 

EYaZS 

13,800 

— 

-  1.1 

II  II 

1010 

— 

— 

— 

— 

II  II 

EKhTN! 

— 

10,800 

— 

-  3.3 

II  II 

ZU10 

— 

14»000 

— 

-  1.3 

Ya.  I.  Frenkel*  assvunes  that  the  relaxation  time  can  be  identi¬ 
fied  with  the  time  during  which  an  atom  in  the  liquid  is  connected  with 
a  given  constant  equilibrium  position.  In  that  case,  the  probability 
that  an  arbitrary  atom  will  overcome  the  potential  barrier  during  a  defi¬ 
nite  time  interval  will,  obviously,  be  proportional  to  the  value  of 

_  ^vis 

PT 

e  .It  is  obvious,  further,  that  the  time  during  which  the  atom 

will  remain  in  the  vicinity  of  the  given  equilibrium  position  is  in¬ 
versely  proportional  to  the  probability  of  the  transition  of  this  atom 
into  a  new  equilibrium  position;  consequently,  by  taking  into  account 
the  assumption  made  by  Ya,  I,  Frenkel',  we  can  write; 
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(6.21) 


.  ET 


By  revnriting  (6.15)  with  the  aid  of  (6.17)  and  comparing  it  with 
(6.21),  we  get: 

*  s=  (6.22) 

Egr  making  use  of  somewhat  different  viscous  flow  mechanisms, 
Andrade  and  G.  M.  Panchenkov  have  obtained  results  on  the  temperature 
dependence  of  the  viscosity  of  liquids,  which  are  of  a  similar  nature 
(content). 

Andrade  (21 )  bases  his  analysis  of  the  process  of  viscous  flow  of 
a  liquid  on  the  concept  of  a  structural  affinity  between  a  liq\d.d  and 
a  solid  body,  which  manifests  Itself  in  that  the  molecules  of  a  liquid 
at  rest,  on  an  average,  oscillate  for  quite  a  long  time  near  their 
equllibrlxim  positions.  The  extremely  small  value  of  the  self-diffusion 
factor  in  a  liquid  confirms  this  assumption. 

During  the  course  of  the  relative  movement  of  liquid  layers,  the 
exchange  in  quantity  of  motion  (momentum),  which  causes  the  appearance 
of  viscosity  forces,  takes  place  during  the  collision  of  molecules  in 
different  layers  with  a  duration  of  the  collision  event  differing  from 
zero.  3y  taking  into  account  the  effect  of  thermal  expansion,  and 
adopting  Van  derWaals'  expression  for  the  energy  of  intermolecular  at¬ 
traction  forces,  Andrade  arrives  at  the  formula: 


tj  =  ^  •  p'V 


(6.23) 


where  A  and  B  are  constants.  This  formula  describes  well  the  change 
in  viscosity  with  the  temperature  for  many  liquids,  including  fused 
metals. 

G.  M.  Panchenkov  (21 )  starts  from  the  concept,  according  to 
which  the  process  of  internal  friction  of  liquids  is  caused  fay  the 
temporary  combination  of  two  moving  molecules,  as  a  result  of  the 
formation  of  a  short-lived  bond  (linkage)  between  these  molecules. 
According  to  the  author  of  this  theory,  the  nature  of  this  phenomenon 
lies  in  the  fact  that,  in  the  presence  of  a  short-range  order,  there 
exists  a  certain  average  distance  between  molecules  in  the  liquid, 
similar  to  the  equilibrium  distance  between  atoms  in  a  crystal.  Then, 
in  case  of  a  relative  motion  of  these  molecules,  if  the  distance  be¬ 
tween  these  molecules  is  smaller  than  the  equilibrium  distance,  the 
molecules  repel  each  other  and  the  formation  of  a  bond  (linkage)  is  im¬ 
possible,  and  consequently,  an  exchange  in  quantity  of  motion  (momentum) 
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is  also  iopossible.  If*  on  the  other  hand,  the  distance  becomes  greater 
than  the  critical  distance)  an  attractive  force  arises  and  a  bond 
(linkage)  is  formed,  and  conseqaently,  an  exchange  in  quantity  of  motion 
takes  place.  As  a  final  result,  G.  M.  Panohenkov  obtains  a  formula  for 
the  viscosity,  which  is  close  (related)  to  the  eiqponential  type  and 
which  contains,  as  constants,  the  value  of  the  entropy  change  during 
the  foirmation  of  the  bond  and  the  binding  energy.  In  case  of  an  ap¬ 
propriate  selection  of  these  values,  the  formula  agrees  well  with  ex¬ 
perimental  results  for  a  considerable  number  of  liquids. 

A  trend  which  differs  cmslderably  from  the  one  outlined  above, 
is  devel^d  in  a  theory  of  condensed  media  by  A.  S.  Predvoditelev  (22), 
who  combines  molecular  and  phenomenological  concepts  in  his  research 
on  the  kinetic  properties  of  liquids. 

According  to  A.  S.  Pi«dv(^itelev,  thermal  motion  in  a  liquid  as¬ 
sumes  a  dual  form.  First,  it  involves  accidental  (random)  wanderings  of 
at<»ts  (molecules).  The  state  of  each  atom  is  characterised  by  a  set  of 
three  geometrical  coordinates  and  the  conjunction  of  these  states  fcnrms 
a  Markov  chain.  Second,  thermal  motion  in  a  liquid  includes  oscilla¬ 
tions  of  atoms  (molecules)  near  the  changing  positicms  of  temporary 
equilibrium.  Such  oscillations  can  be  considered  as  a  superposition  of 
elastic  waves  of  the  Det^  type. 

Random  wanderings  are  described  by  Fokker-Planck  equations,  and 
oscillations  are  described  by  equations  of  elastic  oscillations  in  an 
isotropic  medlxun. 

Differential  equations,  describing  macroscopic  processes,  such 
as,  for  exan^le,  the  flow  of  a  viscous  liquid  or  heat  conductance,  are 
extrapolated  "up  to  such  space-time  variations,  which  can  be  considered 
as  elements  determining  the  macroscopic  properties  of  a  substance”  (23). 
By  making  use  of  certain  additional  assumptions,  A.  S.  Predvoditelev 
obtains  the  following  formula: 


T* 

.(1-F*)’ 


(6.24) 


where Y  is  the  specific  heat  ratio  Cp,  k  is  the  thermal  diffuslvity  of 

the  liquid,  C  is  a  certain  factor,  determined  by  the  nature  of  inter¬ 
atomic  forces,  b  is  a  constant  value,  and  p  is  the  density. 

It  can  be  easily  seen  that  the  above  ejqpression  is  similar  to 
Bachinskiy's  formula,  and  that  it  differs  from  this  formula  in  that 
the  modulus  of  viscosity: 

(6.25) 

c 

depends  in  this  ease  on  the  temperature,  since  k  depends  on  the  tempera¬ 
ture.  Formula  (6.24)  is  Justified  for  a  large  number  of  liquids  with 
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complex  molecules.  This  fonoula  vdll  correctly  describe  experimental 
results,  provided  that: 


drops  vdth  the  temperature.  However,  the  volume  of  data  available  so 
far  is  insufficient  to  allow  a  further  analysis  of  this  problem.  A.  S. 
Predvoditelev  considers  that  equation  (6.24)  can  be  used  all  the  way 
up  to  the  critical  state  of  the  liquid,  as  a  resxdt  of  which  it  seems 
possible  to  find  the  values  of  indeterminate  constants  e  and  b  by 
switching  over  to  a  “degenerated"  state  of  matter,  whereby  the  gaseous 
or  critical  state  can  be  adopted  as  such  a  "degenerated"  state. 

While  considering  the  thermal  motion  in  a  liquid  as  a  superposi¬ 
tion  of  Oebye  waves,  M.  F.  Shirokov  (24)  assumed  that  the  absorption  of 
these  waves  by  a  moving  plane  layer  of  the  liquid  causes  the  appearance 
of  a  dissipation  force,  directed  against  the  movement.  The  viscosity 
expression  obtained  by  this  author  depends  upon  the  meximum  Debye  fre¬ 
quency.  In  order  to  exclude  this  frequency  from  the  final  result, 

Kl.  F.  Shirokov  derives  a  formula  for  the  heat  conductance  factor  X  of 
the  liquid  and  obtains  the  following  expression: 

(^>*27) 

k 

where  a  is  the  sound  velocity  in  the  liquid  at  the  temperature  T.  A 
comparison  of  this  formula  with  certain  e:q>erimental  data  shows  that  it 
yields  a  result  which,  on  the  average,  is  higher  by  one  order.  However, 
the  work  of  M.  F.  Shirokov  is  of  definite  Interest,  since  he  is  able  to 
obtain  an  equation  which  does  not  contain  any  empirical  constants. 

In  a  previously  published  work  (2^),  M.  F.  Shirokov  has  attempted 
to  derive  Bachinskly's  formula  on  the  basis  of  a  concept  involving  the 
same  mechanism  of  internal  friction  as  the  one  which  occurs  in  gases, 
but  using  Van  der  Waals*  corrections  during  the  derivation  of  correspond¬ 
ing  formulas. 

In  summing  up  to  a  certain  extent  the  theoretical  structures 
examined  above,  we  are  forced  to  conclude  that  none  of  them  can  be  con¬ 
sidered  as  a  theory  of  viscosity,  which  draws  its  conclusions  from  a 
clearly  formulated  mechanism  of  viscous  flow  with  the  aid  of  a  small 
nuDiber  of  physically  clear  hypotheses. 

6.  Viscosity  —  Composition  Isotherms  of  Binary  Alloys 

The  inforiaation  available  on  the  structure  of  tin- lead  and  bis- 
muth-tln  alloys  Indicatesthe  absence  in  these  alloys  of  intermetallic 
compounds  in  the  solid  phase  (26).  However,  an  examination  of  the 
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vlscosity-coiq^osition  isotherms  illustrated  in  Figures  23  and  26  forces 
us  to  consider  this  statement  with  a  certain  amount  of  caution. 

As  N.  S.  Kiirnakov  has  established,  and  as  A.  I.  Bachinskiy  has 
also  frequently  pointed  out,  the  viscosity  is  a  structurally  sensitive 
characteristic  of  a  liqiiid.  According  to  opinions  forming  a  part  of 
the  basic  ideas  of  physical-chemical  analysis,  developed  by  N.  S.  Kurna- 
kov,  if  special  points  are  observed  on  composition-property  isotherms, 
this  fact  indicates  the  presence  of  structural  transformations  in  the 
system. 

Consequently,  the  presence  of  special  points  on  viscosity- 
composition  Isotherms  must  iiMicate  the  presence  in  the  system  of  inter- 
molecular  Interactions  having  a  chemical  nature. 

When  an  intermetallic  compound  is  present  in  the  liquid  phase, 
x-ray  photographs  indicate  the  presence  of  an  individual  structure  of 
such  a  cosqpound.  If  no  intermetallic  compound  is  present  in  a  binary 
system,  then  the  x-ray  photograph  is  a  simple  superposition  of  the 
x-ray  pictures  of  the  components  (taking  into  account  the  percentage 
composition  of  the  alloy). 

As  was  noted  above  (17,  IB),  a  complete  molecular  displacement 
is  not  observed,  according  to  data  obtained  in  an  x-ray  diffraction 
study,  in  lead-tin  and  bismuth-tin  alloys,  and  the  system  represents  a 
mixture  of  regions  with  a  predominant  concentration  of  one  of  the  two 
components.  Thus,  data  on  the  structure  of  lead-tin  and  bismuth-tin 
alloys  Indicate  the  absence  in  these  alloys  of  intermetallic  compounds, 
both  in  the  solid  and  liq\d.d  state.  Nevertheless,  we  have  to  admit  the 
presence  of  certain  peculiar  features  in  the  viscosity-composition 
diagrams. 

The  lead-tin  and  bismuth- tin  binary  systems  belong  to  the  group 
of  alloys  of  the  eutectic  type  with  a  limited  solubility  of  their  com¬ 
ponents.  In  Figure  23,  which  refers  to  a  lead-tin  alloy,  the  eutectic 
concentration  of  which  is  equal  to  64^  (by  weight)  of  tin,  at  a  concen¬ 
tration  of  60%  tin,  a  weakly  expressed  special  point  of  such  a  type  is 
ooserved,  which  must  arise  during  the  formation  of  a  chemical  compound. 

A  reduction  to  an  atomic  concentration  shows  that  this  may  be  a  com¬ 
pound  of  an  intermetallic  type  Pb2Sn^. 

Similarly,  an  examination  of  Figure  26  makes  it  possible  to  as¬ 
sume  the  presence  in  the  liquid  phase  of  compounds  of  an  intermetallic 
type  3138010,  and  possibly,  Bi^Sn  at  low  ten^eratures,  and  in  addition, 
of  BiSn3  and  BiSn,  which  are  preserved  even  at  high  temperatures.  The 
eutectic  concentration  of  this  alloy  is  equal  to  42%  (by  weight)  of  tin. 

The  peculiar  features  of  the  viscosity  isotherms,  observed  on 
Figures  23  and  26,  are  expressed  rather  weakly,  and  it  would  se^m  that 
the  most  sinf>le  way  of  explaining  these  features  would  be  to  consider 
them  as  the  result  of  e;q)erimental  inaccuracies.  Indeed,  the  study  of 
a  lead-tin  system  was  conducted  in  different  types  of  crucibles,  and 
therefore  the  constants  of  the  oscillating  system  with  allqys  of  various 
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concentrations  were  different.  It  can  be  aesunied  that  the  somewhat  higher 
viscosity  values  of  the  alloy  near  the  eutectic  concentration  were  ob¬ 
tained  as  a  resvilt  of  an  error  introduced  during  the  determination  of 
the  constant  of  the  oscillating  system  for  this  alloy.  However,  such 
considerations  are  quite  unsuitable  as  an  explanation  of  the  curves 
shown  in  Figure  26,  in  view  of  the  fact  that  the  tin-bismuth  alloy  was 
studied  with  the  aid  of  a  constant  oscillating  system  in  such  a  way  that 
an  error  in  the  determination  of  the  constant  of  the  instrument  could 
not  affect  the  nature  of  the  isotherms. 

Similar  isotherms  were  observed  by  Sauerwald  and  Blenias  (27)  in 
copper-antimony  and  copper-tin  alloys,  for  which,  as  a  result  of  x-ray 
diffraction  studies,  the  intermetalllc  compounds  CU3Sb,  Cu2Sb,  Cu^Sn, 
Cu3Sn,  Cu6Sn5  and  Cu3iSns  were  established  in  the  solid  state,  and  the 
character  of  viscosity-composition  isotherms  confirms  the  presence  of 
some  of  these  c(X&pounds  in  the  liquid  phase.  Alloys  of  copper-antimony 
and  copper-tin  systems  possess  complex  equilibrium  diagrams  in  the 
presence  of  intermediate  phases  in  the  solid  state.  For  this  reason, 
the  peculiar  features  observed  on  viscosity-composition  Isotherms  ap¬ 
pear  to  be  natural,  and  the  existence  of  certain  intermetalllc  compounds 
in  the  liquid  phase  also  appears  probable. 

Gekhbardt  and  Bekker  (29)  have  recently  studied  the  viscosity  of 
alloys  of  the  gold-silver  system  by  the  torsional  oscillation  method, 
using  relative  measurements.  The  Instrument  built  by  these  authors 
duplicates  to  a  considerable  extent  the  unit  based  on  the  use  of  a 
Tamman  furnace  described  above.  The  suspension  system  was  first  cali¬ 
brated  with  the  aid  of  three  liquids  (mercury,  tin  and  zinc)  (Note:  It 
should  be  noted  that  the  method  involving  torsional  oscillations  of  a 
small  bucket  has  recently  found  an  extensive  application  for  the  purpose 
of  measuring  the  viscosity  of  fused  metals.  See,  for  example,  M.  R. 
Hopkins  and  T.  S.  Toy,  Proc.  Rivs.  Soc..  B  63,  No.  370,  1950  (viscosity 
of  zinc);  A.  I.  Blum  and  A.  R.  Regel',  Zhurnal  tekhnlcheskov  fizlkl 
(  Joum^of  Technical  Physics),  Vol.  23,  No.  6,  1953  (viscosity  and 
electric  conductivity  of  a  selenium-tellurium  alloy).). 

Alloys  of  the  gold-silver  system  exhibit  an  unlimited  solubility 
of  their  components  in  the  solid  state  without  any  kind  of  intenriediate 
phases.  No  peculiar  features  of  any  kind  are  observed  on  viscosity 
Isotherms,  which  would  indicate  the  presence  of  intermetalllc  compounds 
in  the  liquid  state.  Results  of  research  work  agree  well  with  Andrade's 
formula,  expressing  the  viscosity  at  the  melting  point: 

1),  =  5.1  ■  10-‘.4'A7i*Vj’'‘.  (6.28) 

where  A  is  the  atomic  weight,  Tg  is  the  absolute  melting  point,  V  is 
the  atomic  volume.  Pvire  gold  and  silver  and  their  alloys  comply  with 
the  formula  expressing  the  exponential  dependence  of  the  viscosity  on 
the  ten^erature. 
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After  comparing  all  the  data  presented  above,  we  must  come  to  the 
conclusion  that  products  of  the  Pb2Sn^  type  and  similar  products,  possess¬ 
ing  a  bond  (linkage)  strength  characteristic  for  true  Intermetalllc  c(»n- 
pounds,  are  not  present  in  tin-lead  and  tin-bismuth  alloys.  At  the 
same  time,  however,  the  possible  existence  of  atomic  complexes  is  not 
excluded,  resulting  from  collective  interactions  and  having  an  atomic 
concentration  expressed  by  the  formula  Pb2Sn3,  whereby  these  compounds 
are  much  less  stable  them  intermetalllc  compounds.  Such  complexes,  the 
dissociation  heat  of  which  is  small  in  conparlson  to  the  heat  required 
for  the  dissociation  of  molecules  into  the  component  atoms,  will  still 
be  sufficiently  stable  in  order  to  act  as  independent  units  in  viscous 
flow  phenomena,  during  the  course  of  which  tangential  forces  are  im¬ 
measurably  smaller  than  the  forces  necessary  for  the  destruction  of  a 
chemical  compound.  Quasi-crystals  with  a  predominant  concentration  of 
one  or  another  component  may  represent  such  compounds  or  complexes. 

The  second  possible  explanation  of  the  character  of  the  viscosity 
isotherms  which  is  observed  consists  in  the  assuiif>tlon  of  the  existence 
of  certain  processes  in  alloys,  which  result  in  a  change  of  the  viscous 
properties  depending  upon  the  previous  history  of  the  sample.  Such 
phenomena  of  a  rheological  nature  may  take  place  as  a  result  of  the 
presence  (Ln  the  metallic  liquid)  of  Insoluble  impurities,  and  also  as  a 
result  of  structural  characteristics  of  the  liquid  (Note;  This  problem 
deserves  the  most  serious  attention  and  study). 

7.  Viscosity  of  Heterogenous  Systems 
and  Sound  Absorption  in  Such  Systems 

As  was  already  pointed  out  in  Chapter  V,  the  concept  of  shear 
viscosity  is  introduced  into  rheology  as  the  product  of  the  instantaneous 
Diodulus  of  rigidity  and  the  relaxation  time  (formulas  $.35  and  $.50). 

Such  a  definition  of  the  viscosity  coincides  with  Newton's  definition, 
if  processes  involving  a  deformation  of  the  medium  satisfy  condition 
($.40).  These  two  statements  are  equivalent  to  the  fact  that  the  ab¬ 
sorption  of  energy  in  the  medium  is  determined  only  by  Ri^leigh's  dis¬ 
sipation  function,  and  the  factor  (multiplier)  preceding  the  squares  of 
the  deformation  rates  represents  the  viscosity  factor  (formula  $.37). 

The  rheological  conception  makes  it  possible  to  expand  the  con¬ 
cept  of  viscosity  and  to  apply  it  to  systems  which  are  not  subordinate 
to  Newton' s  internal  friction  law.  However, , it  is  apparent  that,  in 
order  to  allow  an  experimental  determination  of  the  viscosity  factor 
in  case  of  such  a  broad  definition,  it  is  also  necessary  that  the  theory 
of  the  measurement  method  should  be  elaborated  on  the  basis  of  a  cor¬ 
responding  rheological  equation.  This  constitutes  an  independent  prob¬ 
lem,  which  will  not  be  examined  here. 

We  shall  start  from  the  concept  that  the  viscous  properties  of 
a  heterogenous  medium  are  formally  determined  by  Newton's  internal 
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friction  law.  The  analysis  of  experimental  resvilts,  presented  at  the 
end  of  the  preceding  chapter,  gives  us  a  reason  to  assume  that  condition 
(5*40}  is  fulfilled  in  case  of  the  observed  viscosity  values  obtained 
>4th  the  heterogeneous  systems  which  have  oeen  investigated.  Conse¬ 
quently,  the  viscous  properties  of  a  heteroesieous  system  may  be  charac¬ 
terized  by  means  of  a  viscosity  factor,  deterMned  with  the  aid  of 
Newton's  Internal  friction  law. 

The  damping  (attenuation)  of  the  oscillations  of  a  heterogeneous 
medium  exhibits  certain  specific  characteristics,  which  may  be  suffi¬ 
ciently  fully  clarified  with  the  aid  of  Figure  3.  The  curves  showing 
the  logarithmic  decrement  of  attenuation  (or  damping)  and  the  period, 
given  in  this  figure,  constitute  a  reflection  of  the  fact  that  a  rela¬ 
tive  movement  (motion)  of  the  liquid  and  of  the  solid  wall  is  taking 
place  in  the  instrument,  i.e.,  a  reflection  of  the  fact  that  the  bucket- 
liquid  system  is  a  heterogensoxis  system.  Figure  3  shows  that,  if,  dur¬ 
ing  the  relative  motion  of  the  liquid  and  solid  wall,  the  viscosity  of 
the  liquid  is  very  high  (y  is  small),  then  the  absorption  of  the  oscil¬ 
lation  energy,  characterized  by  6,  remains  small  and  the  oscillation 
period  T  remains  high.  The  reason  for  this  lies  in  the  fact  that,  in 
this  case,  the  angular  velocity  gradient  is  small  precisely  in  view  of 
the  high  velocity  of  the  liquid,  as  resvilt  of  which  the  entire  liquid 
as  a  whole  moves  together  with  the  bucket.  Such  a  type  of  motion  is 
responsible  for  the  low  energy  absorption  and  the  high  oscillation 
period,  corresponding  to  the  moment  of  inertia  of  the  suspension  system, 
which  is  approximately  equal  to  the  sum  of  the  moments  of  inertia  of 
the  bucket  and  of  the  solidified  liquid  Inside  the  bucket. 

If  the  viscosity  of  the  liquid,  which  fills  up  the  bucket,  starts 
to  decrease,  for  example,  as  a  result  of  heating,  this  will  result  in 
an  increase  of  the  angular  velocity  gradient  in  the  vicinity  of  the 
oucket  wall,  vdiich  will  result  in  a  higher  absorption.  At  the  same 
time,  the  oscillation  period  will  decrease,  since  a  steadily  smaller 
amount  of  liquid  will  take  part  in  the  movement  (motion)  of  the  bucket. 

After  a  certain  time,  the  effect  of  a  decrease  in  viscosity  will 
predominate  over  the  increase  in  the  angular  velocity  gradient,  and  the 
absorption  will  start  to  decrease  parallel  to  the  change  in  the  viscosity 
factor  of  the  liquid.  The  oscillation  period  will  remain  practically 
constant  in  view  of  the  small  mass  of  the  liquid  carried  along  (en¬ 
trained)  during  tne  motion. 

These  basic  features  of  the  oscillating  motion  of  the  bucket 
filled  with  liquid  can  be  briefly  formulated  in  the  form  of  a  statement, 
according  to  which  the  absorption  of  energy  during  the  oscillating  mo¬ 
tion  of  a  heterogeneous  medium  exhibits  a  maximum  at  a  certain  value  of 
the  viscosity  of  the  pure  liquid. 

From  what  has  been  said  above,  it  follows  specifically  that 
during  the  propagation  of  acoustic  waves  in  a  medium  consisting  of 
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liquid  and  solid  particles  of  macroscopic  size  (see  Note)  distributed 
in  this  liquid,  the  damping  of  waves  will  be  small  in  case  of  a  very 
high  viscosity  of  the  liquid;  then,  when  the  viscosity  drops,  the  damp¬ 
ing  will  increase  up  to  a  certain  maximum  value,  after  which  it  will 
start  to  drop  parallel  to  the  drop  in  the  viscosity  of  the  pure  liquid 
(Note;  In  this  case,  the  macroscopic  size  of  the  particles  must  be 
Interpreted  in  the  sense  that  their  streamline  flow  can  be  described 
hydrodynamically  with  a  sufficient  degree  of  accxiracy). 

Indeed,  the  relative  motion  of  the  liquid  and  of  solid  particles 
can  be  described  by  means  of  the  same  hydrodynamic  equations  as  in  the 
preceding  case.  In  regard  to  changes  in  the  character  of  flows  in  the 
vicinity  of  each  particle,  which  take  place  during  changes  in  the  vis¬ 
cosity  of  the  liquid,  the  same  considerations  which  have  been  described 
above  can  be  repeated.  Therefore,  the  6(5)  curve  shown  in  Figure  3 
simultaneously  represents  a  direct  characteristic  of  the  damping  in¬ 
tensity  of  acoustic  waves  in  a  heterogsneous  .  medliam  depending  upon  the 
viscosity  of  the  pvure  liquid.  These  conclusions  can  be  used  as  a  basis 
for  a  hydrodynanic  theory  of  sound  propagation  in  heterogeneous  media 
at  any  concentrations  of  solid  macroparticles  (Note;  An  abnormal  ab¬ 
sorption  of  the  type  described  above  was  observed  by  I.  G.  Mikhaylov 
and  A.  A.  Shagalova,  Doklady  AN  SS5R  (Reports  of  the  Academy  of  Sci¬ 
ences  USSR),  Vol.  89,  No.  3,  1933.  A  theory  of  sound  absorption,  based 
on  considerations  similar  to  those  presented  here,  is  given  by  M.  V. 
Vol’kenshteyn  and  Yu.  Ya.  Gotlib,  Doklady  AtJ  SSSR  (Reports  of  the 
Academy  of  Sciences  USSR),  Vol.  89,  No.  3,  1953). 

In  a  numoer  of  practically  interesting  cases,  during  the  course 
of  appropriate  calculations,  it  is  possible  to  start  from  the  assumption 
of  an  ordered  distribution  of  particles  having  approximately  the  same 
size  and  shape. 

A  macroscopically  heterogeneous  medium  can  be  easily  achieved  dur¬ 
ing  the  coiirse  of  fusion  of  a  binary  alloy  in  those  states  of  the  alloy 
which  lie  between  solidus  and  liquidus  lines.  It  can  be  assumed  that, 
in  this  case,  the  viscous  properties  of  the  medium  in  the  oscillation 
process  will  be  mainly  determined  by  the  concentration  and  dimensions 
of  the  suspended  particles.  Here,  the  possibility  is  afforded  to  as¬ 
sociate  the  kinetics  of  Uie  solidification  process  of  the  alloy  with  its 
viscous  properties. 

Figure  44  illustrates  the  temperature  dependence  of  viscous  losses, 
obtained  on  a  torsional  oscillating  viscosimeter,  for  an  alloy  having  the 
composition  13$  Pb  f  85$  Bi,  from  the  beginning  of  its  fusion  (smelting) 
through  the  region  of  heterogeneous  equilibrium  and  the  liquidus  point, 
and  further  into  the  region  of  a  homogeneousliquid  (Note;  Experimental 
observations  were  performed  by  N.  K.  Rakova  during  the  course  of  her 
graduation  work  at  the  Physics  Faculty  of  Moscow  State  University  in 
1953). 
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It  can  be  easily  seen  that  the  general  character  of  the  tempera¬ 
ture  dependence  of  the  logarithmic  decrement  of  damping  (damping  ratio) 
is  similar  to  the  dependence  of  the  damping  decrement  on  the  parameter 
5  =  v/7  (Figure  3)»  which  is  quite  natural,  in  view  of  the  fact  that  a 
change  in  ^  follows  the  same  course  (i.e.,  proceeds  in  the  same  direc¬ 
tion)  as  tne  change  in  temperature. 

Figture  29  shows  the  resxilt  of  the  processing  of  a  curve  similar 
to  the  one  shown  in  Figure  44  (namely,  of  its  ascending  braiMsh),  rep¬ 
resented  in  the  form  of  values  of  the  kinematic  viscosity  as  a  function 
of  the  temperature  for  the  alloy:  1%  Pb  +  2556  Bi.  Attention  is  di¬ 
rected  to  the  very  high  values  of  the  viscosity  in  the  heterogeneous 
region,  caused  by  Ihe  presence  of  solid  phase  crystals. 

The  results  of  these  and  previously  cited  studies  constitute  a 
proof  of  the  great  Influence  exerted  by  insoluble  impurities  on  the 
viscous  properties  of  liquids.  Strictly  speaking,  all  metallic  liquids, 
unless  they  have  been  suojected  to  a  very  thorough  purification,  are 
heterogeneous  systems.  The  concentrations  of  insoluble  impurities  in 
different  samples  of  the  same  metal  may  vary  within  a  wide  range. 

Specifically,  the  system  of  curves  shown  in  Figure  20,  charac¬ 
terizing  the  viscosity  of  aluminum  in  different  tests,  can  be  explained 
as  being  due  to  a  different,  but  significant,  concentration  of  Insoluole 
impurities.  The  absence  of  any  kind  of  regularity  (rule)  in  the  rela¬ 
tive  arrangement  of  viscosity  curves  of  steels  and  ferrochrome  alloys 
can  also  oe  explained  as  being  due  to  the  influence  exerted  by  Insoluble 
impurities. 

Mhen  the  air.ount  of  insoluble  impurities  in  the  studied  metal  re¬ 
mains  constant,  these  ir^urities  will  rise  to  the  svirface  (since  in  most 
cases  they  consist  of  light  lower  oxides)  as  the  metal  is  held  in  the 
fused  state,  and  a  purification  of  the  metal  will  take  place.  As  a  re¬ 
sult  of  this  process,  the  viscosity  will  change  with  the  course  of  time, 
striving  to  reach  a  certain  limit,  corresponding  to  an  ideal  pure  metal. 
Specifically,  such  a  phenomenon  may  take  place  during  the  actual  process 
of  viscosity  measurement,  if  the  conditions  for  the  rising  of  impurities 
are  favoraole  (such  as  the  absence  of  stirring). 

For  this  reason,  the  degree  of  purification  of  metals  from  in¬ 
soluble  impurities  during  viscosimetric  studies  plays  the  same  important 
role  us  durir:g  the  study  of  crystallization  processes.  In  experiitiental 
viscosimetry,  it  is  advisable  to  introduce  the  concept  of  the  viscosity 
of  a  metallic  liquid,  which  in  its  original  state  corresponds  to  the 
presence  of  insoluble  impurities,  as  well  as  the  concept  of  a  viscosity, 
which  in  its  final  state  corresponds  to  a  complete  removal  of  insolu¬ 
ble  impurities  from  the  fused  metal.  There  are  serious  reasons  to  as¬ 
sume  that,  practically  in  many  cases,  the  effect  of  insoluble  impuri¬ 
ties  present  in  the  fused  metal  on  the  viscosity  is  greater  than  the 
contamination  of  the  metal  with  other  chemical  elements  present  in  the 
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fused  state.  All  of  the  experimental  results  on  the  viscosity  listed 
above  refer  to  fused  metals  in  the  original  state.  Observations  have 
shown  that,  in  the  case  of  lead,  tin,  bismuth  and  certain  other  metals 
with  similar  melting  points,  the  original  state  is  preserved  when  these 
metals  are  heated  to  approximately  600°  C.  Above  this  temperature,  the 
process  involving  a  separation  of  Impurities  and  of  the  liquid  phase 
takes  place  with  a  noticeable  speed  (rate). 

The  theory  of  the  viscosity  of  suspensions,  elaborated  by  Ein¬ 
stein  (30),  is  not  applicable  in  many  cases  to  metallic  liquids  con¬ 
taminated  with  Insoluble  iii^>urities,  since  this  theory  covers  a  region 
of  low  concentrations  of  solid  particles,  in  which  an  Increase  in  vis¬ 
cosity  amounts  to  several  percent.  Even  more  so,  this  theory  is  inap¬ 
plicable  to  an  analysis  of  the  viscosity  of  binary  alloys  at  tempera¬ 
tures  lying  below  the  liquidus  line,  since  in  this  region,  in  case  of  a 
slight  cooling,  an  increase  in  the  viscosity  amounting  to  entire  orders 
is  observed  (see  Figure  29). 

Consequently,  in  order  to  establish  a  connection  between  the  be¬ 
havior  of  the  viscosity  in  the  he terogcnouss region  of  the  iXision  diagram 
of  alloy  and  the  kinetics  of  the  growth  and  formation  of  particles,  it 
is  necessary  to  create  a  new  theory  of  the  viscosity  of  heterogeneous 
systems,  free  of  limitations  in  regard  to  the  concentration  of  solid 
particles. 

8.  The  Viscosity  and  Critical  Temperature  of  Liquids 

On  the  basis  of  an  analysis  of  e]q>erimental  data  and  an  examina¬ 
tion  of  theoretical  connections  between  critical  parameters,  the  struc¬ 
ture  of  the  molecular  field  and  the  macroscopic  properties  of  liquids, 

A.  Z.  Golik  (31)  has  established  the  presence  of  a  certain  rule  in  the 
arrangement  of  T)(T)  curves  in  the  case  of  liquids  possessing  a  similar 
structure  and  type  of  Interactions  between  particles.  The  higher  the 
critical  temperature  of  a  given  liquid,  the  higher  lies  the  curve  showing 
the  temperature  dependence  of  the  viscosity  (l.e.,  the  higher  is  this 
curve  located  in  the  region  of  high  values).  This  statement  applies  to 
normal  alcohols,  paraffins,  a  numoer  of  metallic  liquids  (sodium,  potas¬ 
sium,  zinc,  cadmium,  mercury),  and  also  to  certain  solutions.  In  case 
of  metals,  the  critical  temperature  is  estimated  by  means  of  Guldberg- 
Hewey(?)'s  rule  (Note;  According  to  this  rule,  the  absolute  critical 
temperature  is  proportional  to  the  aosolute  bollir^  point.  The  factor 
of  proportionality  is  equal  to  1.3^,  if  the  boiling  point  is  selected 
at  a  normal  pressure,  and  is  equal  to  2,  if  the  boiling  point  is  selected 
at  a  pressure  of  20  mm  Hg).  According  to  this  rule,  the  critical  tem¬ 
perature  of  aluminum  and  lead  is  equal  to  2,470  and  2,028°  K,  respectively. 
In  case  of  zinc  and  cadmium,  this  temperature  is  eqviai  to  1,820  and 
1,010°  K  respectively,  and  in  case  of  tin  and  bismuth,  2,540  and  1 ,83U°  K 
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respectively.  The  first  two  metals  have  a  close-packed  structure  with 
a  coordination  nvunber  of  12»  the  next  two  metals  have  a  loose-packed 
hexagonal  structure  with  a  coordination  number  of  6  -f  6,  and  the  last 
two  metals  have  lattices  with  a  coordination  number  of  6.  By  taking 
the  equality  T|  =  pvinto  account,  one  can  see  that  the  arrangement 
(disposition)  of  the  viscosity  curves  for  zinc  and  cadmium,  tin  and 
bismuth  is  indeed  in  agreement  with  Gollk's  rule;  this  does  not  apply, 
however,  to  aluminvim  and  lead.  The  deviation  from  the  typical  order  of 
arrangement  of  the  viscosity  curves  exhibited  by  the  last  two  metals  is 
possibly  associated  with  a  very  high  difference  in  density,  or  maybe  is 
due  to  an  inaccxirate  determination  of  the  critical  temperature.  In  this 
connection,  it  is  interesting  to  note  that  the  kinematic  viscosity 
curves  for  all  six  metals  listed  above  comply  with  this  rule. 

The  rule  established  in  this  manner  is  of  great  practical  im¬ 
portance.  Indeed,  let  us  assume  that  we  have  a  liquid,  having  a  cer¬ 
tain  (known)  critical  temperature,  molecular  structure  and  nature  of 
intermolecular  forces. the  viscosity  of  which  is  expressed  by  the  func¬ 
tion  ^(T),  and  that  it  is  necessary  to  obtain  another  liquid  with  the 
same  viscosity  function  1)(T).  In  that  case,  this  second  liquid  must  be 
selected  in  such  a  way  that  it  will  have  the  same  type  of  molecular 
structure,  natvire  of  interaction  forces  and  critical  temperature.  It 
was  found  that  this  can  be  achieved  in  many  practically  important  cases 
by  making  use  of  liquid  mixtures. 

A.  Z.  Gollk  has  given  a  theoretical  Interpretation  of  this  estab¬ 
lished  rule,  starting  from  very  general  considerations  on  the  connection 
between  the  Intermolecular  potential,  on  one  hand,  and  the  internal 
energy  of  the  liquid  and  its  macroscopic  properties,  on  the  other  hand. 

An  exponential  formula  showing  the  dependence  of  the  viscosity  on  1  is 

T 

used  as  a  basis.  Briefly  stated,  the  essence  of  the  point  consists  in 
the  following.  The  deeper  the  potential  well  of  intermolecular  in¬ 
teractions  and  the  greater  the  binding  energy,  the  higher  the 
latent  heat  of  evaporation  and  the  critical  tenv)erature  of  the  substance. 
However,  in  case  of  an  identical  molecular  structure,  the  deeper  the 
potential  well,  the  steeper  are  its  edges.  During  a  relative  displace¬ 
ment  of  molecules,  tangential  forces  make  their  appearance;  the  value 
of  these  forces  is  the  greater,  the  steeper  the  slopes  of  the  po¬ 
tential  well,  i.e.,  in  the  final  analysis,  the  higher  the  value  of 
the  critical  ten^rature.  An  examination  of  this  problem  clearly  dis¬ 
closes  the  role  of  the  nature  of  intermolecular  forces,  since  the  shape 
of  the  potential  energy  evurves,  in  case  of  the  same  type  of  molecular 
structure,  is  determined  by  the  nature  of  the  bonding  forces. 
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Conclusion 


In  this  chapter^  an  attempt  has  been  made  to  describe  the  connec¬ 
tion  between  the  structure,  the  viscosity  and  the  crystallization 
kinetics  of  metallic  liquids.  A  solution  of  this  problem  lies,  on  one 
hand,  in  the  further  accumulation  of  experimental  data  on  the  properties 
of  liquids,  and,  on  the  other  hand,  in  the  development  and  application 
on  liquids  of  general  theoretical  methods  for  analyzing  a  system  of  in¬ 
teracting  particles.  A  number  of  encouraging  results  in  this  direction, 
obtained  by  N.  N.  Bogolyubov,  M.  Born,  and  A.  A.  Vlasov,  are  available 
to  us. 

So  far,  however,  the  theories  mentioned  above  are  still  far  from 
yielding  results  which  may  be  quantitatively  compared  with  experimental 
results.  Therefore,  the  attempts  of  many  scientists,  working  in  the 
field  of  physics  of  condensed  media,  are  understandable;  these  attempts 
are  directed  at  the  solution  of  experimental  and  theoretical  problems 
concerned  with  the  theory  of  the  liquid  state. 
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Figure  1.  Working  space  of  viscosimeter  and  arrangement  of  coordinate 
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Figure  2.  Graphs  used  in  the  determination  of  factors,  a,  L  and  c  in 
formula  (2,89). 


Figure  3.  Dependence  of  the  daffipim  decrement  6(!J)  and  function 

^-1=f(5)on  =R  y^.  Arbitrary  units  are  plotted 

^0  _  « 
along  the  ordinate  axis,  and  for  this  reason  6(0  ^(0 

differ  from  their  true  values  by  constant  factors  (multi¬ 
pliers). 
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Figure  4*  Effect  of  a  relative  off-centering  of  the  bucket  on  the 

values  of  the  damping  decrement  6  and  the  oscillation  period 

T, 
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Figure  6 
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Evaporation  rate  of  tismuth  froD  a  free  surface  depending 
upon  the  temperature. 
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Figure  7.  Condensation  rate  of  bismuvh  vapors  on  the  lid  of  the  bucket 
depending  upon  the  temperature  of  the  t!>etal  and  the  tempera¬ 
ture  difference  between  the  metal  and  the  lid,  In  the  absence 
of  a  foreign  gas  in  the  clearance  between  the  free  surface  of 
the  nctul  and  the  lid. 
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Figtire  8 


Sketch  of  the  bucket  filled  with  liquid,  in  case  of  two  end 
surfaces  of  contact. 
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Figure  9«  Range  of  kinematic  viscosity  values  which  can  he  investigated 
hy  means  of  the  suspension  system,  cedculatad  in  14.  V'] 
and  0.65  are,  respectively,  the  values  of  the  viscosity 
and  of  the  doping  decrement  when  y  =  100*  V2  corresponds 
to  the  viscosity  value  when  y  =  3»300,  when  y  =  16, 
when  y  =  0.16,  6,^^^  is  the  maximum  value  of  the  damping 
decrement  (see  Figure  3). 


Figure  10,  Effect  exerted  hy  the  value  of  parameter  y  o;.  uho  nvunerical 
value  of  the  kinematic  viscosity,  calculated  according  to 
the  theory  of  the  loethod  for  low-viscosity  liquids. 
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Kiljure  11,  Sketch  of  the  unit  used  in  rr.easurii^  Uie  viscosity  of 

steels  and  ferrochrome  alloys:  1  —  ir.etal  tested,  2  — 
crucible,  3  —  ceraruc  oar,  4  —  rod,  5  —  prism,  6  —  opti¬ 
cal  pyrometer,  7  —  aluirdnuiri  disk-radiator,  6  ~  sirall 
mirror,  9  —  small  chuck  for  fastening  the  wire  suspension, 
10  —  suspension  wire,  11  —  attachment  of  the  upper  point 
of  the  suspension  device,  12  —  twisting  mechanism  with 
limited  angle  of  rotation,  13  --  graphite  heating  cylinder 
of  Tamman  furnace,  14  --  filling  of  Tanutjan  furnace,  15  — 
heat  insulating  stopper  (plug),  16  —  heat  insulating  plug 
with  an  opening  for  the  outlet  of  the  light  ray,  17  —  water 
cooling,  Id  —  illun.inator,  19  --  scale. 
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figure  12.  otructure  ol'  the  suspension  system:  1  —  crucible,  2  — 

rod,  j  —  holding;  bar  (all  these  parts  are  made  of  ceramic 
iiiaterial),  4  —  aluminum  shield  (disk-radiator),  5  ~  small 
mirror,  6  —  small  cnuck  ior  fastening  the  suspension  device. 
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Figure  Ij.  Kine:;i&tic  viscosity  of  steels.  (6)  —  measurenjents  in  a 
Tanj.iin  furnace  with  a  large  crucible,  (•)  ~  repeated  mei 
ureraents  in  a  vacuvuii  viscosimeter  (-.10”*  mm  Hg)  with  a 
smaller  crucible. 
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Figure  14.  Klnerjitic  viscosity  of  cast  iron  and  ferrochrome  alloys. 

The  length  of  the  straight  lines  corresponds  to  the  studied 
viscosity  range. 
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Figure  15.  Structure  of  a  vacuuni  viscosimeter;  1  —  small  vdre  of  the 
suspension  device,  2  rotating  electromagnetic  mechanism, 
jP—  three-jawed  chuck  for  clamping  the  suspension  wire, 

4  ~  small  mirror,  5  --  porcelain  rod,  5  njn  in  diameter, 

6  ~  free  space  for  excess  metal,  7  ~  graphite  lid  of 
crucible,  8  —  crucible  space  filled  with  the  nietal  to  be 
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tested,  R  =  1.00  cm,  2H  =  2,45  cm,  9  —  graphic  crucible, 
with  a  wall  thickness  of  0.4-0. 5  cm,  10  —  alumina  muffle 
vdth  a  bifilar  nichrome  heating  winding,  11  —  nine  re¬ 
flector  shields,  made  of  nickel,  12  —  instrument  rack, 

13  ~  polished  section,  14  —  marble  plate,  15  —  base  of 
the  instrument,  16  ~  coordinate  system,  in  relation  to 
which  the  equations  are  written,  17  --  Chromel-Alvunel 
thermocouple.  Id  —  glass  hood. 


8 


Figure  16,  Structure  of  the  suspension  system:  1  ~  three- jawed  chuck 
for  fastening  the  suspension  wire,  2  —  small  mirror,  3  ~ 
alurainum  disk-radiator,  4  —  porcelain  rod  (bar),  5  ~ 
graphite  lid  of  crucible,  6  —  free  space  for  excess  metal, 

7  —  steel  bars,  for  attaching  the  lid  to  the  crucible, 

8  ~  graphite  crucible. 
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Figure  17*  Rotating  electromagnetic  nechanism  (plane  view):  1  — 
electr(»iagnet  core,  2  —  electromagnet,  3  —  base,  4  — 
regulated  arresters  (holding  devices),  limiting  the  angle 
of  rotation  of  the  lever  7,  5  —  attachment  of  the  small 
spring  to  the  base,  6  —  small  spring,  7  —  lever,  ro¬ 
tating  axis  8,  8  —  axis,  attached  to  the  upper  three- 
jaued  chuck. 


Figvire  18.  Modification  of  the  rotating  mechanism:  1  —  vacuum  hood 
vdth  a  ground  section  in  the  upper  section,  2  —  glass 
stopcock-plug,  3  —  vacuum  ground  section,  4  —  picein  (?), 
3  —  three- Jawed  chuck.  The  stopcock-plug  iraist  be  provided 
with  arresters  (holding  devices),  which  limit  the  angle  of 
rotation. 
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Figure  19«  Kineu.'.t.lc  vrlscosity  of  bismuth,  lead  and  tin.  The  crystal¬ 
lization  point  is  represented  by  means  of  vertical  lines. 
The  various  signs  correspond  to  different  series  of  experi¬ 
ments. 
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Figure  20.  Kinematic  viscosity  of  aluminum.  Curve  1  indicates  the 
most  probable  data  on  the  viscosity  of  pure  unoxidized 
aluminum.  The  other  curves  are  explained  in  the  text 
(see  it  4). 
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Figure  21,  Kinematic  viscosity  of  tin  and  lead  near  the  crystallization 
point.  The  solid  lines  are  transferred  from  Figure  19;  the 
results  from  #  5  are  represented  as  (•);  measurements  per- 
formed  by  Golubev  and  Petrov  as  (-f);  measurements  performed 
by  Sauerwald  and  Taylor  as  (o);  measurements  performed  by 
Schott  as  (y). 
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Figure  22,  Kinematic  viscosity  of  Sn^Pb  alloys.  For  the  composition 
of  the  alloys,  see  Table  10.  Shaded  areas  correspond  to 
regions  of  a  heterogeneouseqtd librium  of  the  phase  diagram. 


Figure  23.  Isotherms  of  kinematic  viscosity-coui^u;.ltion  of  Sn-pb 
alloys. 
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Figure  24*  (a)  Measiurement  of  the  temperature  of  the  metal  with  a 

thermocouples  1  —  crucible^  2  lid  of  the  crucible^  3  — 
seal  (Junction)  of  the  thermocouple  (must  be  protected  £rm 
the  action  of  metal  v^ora),  4  two-channel  porcelain 
tube,  3  —  thermocouple  wires.  One  of  these  wires  serves 
as  the  suspension  wire,  the  second  wire  is  led  out  froa  the 
channel  near  the  small  mirror  7  and  is  coiled  in  the  form 
of  a  spiral  around  the  first  (suspension)  wire,  as  is  done 
in  mirror  galvanometers.  This  wire  oust  be  very  thin, 
having  a  diameter  of  several  score  of  microns.  6  —  shield 
(radiator),  8  —  three-jawed  chuck,  (b)  Measurement  of  the 
tenperature  of  the  metal  with  a  thermnseter:  1*—  crucible, 
2  —  lid  of  the  crucible,  3  —  themxmieter,  4  ^  suspension 
wire. 
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Figure  25,  Kinematic  viscosity  of  Sn-Bi  alloys.  Composition  of  the 
alloys,  see  Table  11,  Shaded  areas  correspond  to  the  re¬ 
gions  of  heterogeneousequilibriuiii  of  the  phase  diagram. 
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Figure  26.  Isotherms  of  the  kinematic  viscosity-composition  of  Sn-5i 
alloys. 


Figure  27.  iiU'fect  of  supercooling  of  tin  on  the  kinematic  viscosity 
(o)  —  change  in  viscosity  during  the  process  of  heating 
from  the  solid  state;  (■••)  —  change  in  viscosity  during  the 
process  of  cooling  from  850®  C.  The  arrow  indicates  the 
equllibrlviffi  crystallisation  point. 
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Figure  28.  Structure  of  crucible  with  floating  lid:  1  —  crucible, 

2  —  lid  of  crucible,  3  —  floating  graphite  lid  lies  on 
the  surface  of  the  fused  metal,  due  to  guide  pins  4>  enter¬ 
ing  into  grooves  6  —  protective  hub  of  thermocouple 
(against  the  action  of  metal  vapors),  7  —  thermocouple 
seal  (Junction),  8  —  thermocouple  wires,  9  —  two-chanx»l 
porcelain  tube. 
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29.  Kinematic  viscosity  of  an  alloy  containing  Pb  and  2% 
Bi.  In  the  right  upper  corner,  the  viscosity  of  this  alloy 
in  the  heterogeneous  region  of  the  fusion  diagram  is  plotted 
along  the  ordinate  axis  on  a  reduced  scale.  The  liquidus 
line  is  indicated  by  an  arrow. 
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Figiire  30.  Kinematic  viscosity  of  cadmiiun  and  zinc.  The  crystalliza¬ 
tion  point  is  indicated  by  means  of  vertical  shaded  lines. 
The  points  shown  on  the  zinc  curve  correspond  to  a  crucible 
sealed-off  under  vacuum  (x),  and  in  the  atmosphere  (o). 


Figure  31.  Distribution  of  the  intensity  I(s}  of  x-rays  scattered  by 
liquid  aluminum. 
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Figure  32,  Function  of  the  atomic  arrangement  n(r)  for  liquid  aluminum, 
as  a  result  of  the  processing  of  the  curve  shown  in  Figure 
31  by  means  of  the  formula  (6,6), 


Figure  33«  Curve  of  the  probability  factor  of  atomic  distribution  in 
amorphous  As-j, 
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Figure  34*  Structure  of  a  qvia si -crystal.  Degree  of  short-range  order 
X  as  a  function  of  the  distance  from  the  center  of  the 
quasi-crystal  r.  The  falling  branch  of  the  curve  in  the 
region  r-j  <  r  <  r2  corresponds  to  a  clearly  e^ressed  in¬ 
crease  in  the  structural  diffusion  factor  with  the  distance. 


Fig\u:*e  35.  Rate  of  onset  of  crystallization  centers  w  as  a  function 
of  the  depth  of  supercooling  d,  determined  by  expression 
(6.14). 
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figure  36,  Reciprocal  of  the  kinenatic  viscosity  i  sec  as  a  function 

y  sq  cm 

of  the  density.  As  an  exaq>le,  a  similar  dependence  for 
water  is  plotted  in  the  right  upper  corner.  Vertical  lines 
indicate  the  boundary  of  the  liquid  phases  corresponding  to 
the  crystallization  point  Tq  (see  equation  6,13),  Points 
from  Figure  19  are  indieatea  the  symbols  0,  f.  A,  A,  the 
symbols  •  are  used  for  tin  and  lead  the  3  lower  leftside 
points  in  Figure  21,  and  for  bisnuth  —  additi(»ial  c<mtrol 
measurements.  Density  valxies  are  taken  from  Landolt- 
B6rnstein*s  handbook. 
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Figure  38.  Dependence  o^“^p)  tin-bismuth  alloys.  No.  1  — 

bismuth,  No.  10  —  tin.  The  cwnposition  of  the  alloys  is 
listed  in  Table  11  (the  concentration  of  tin  increases  with 
a  growing  number  of  the  alloy).  Llquidus  lines  are  rep¬ 
resented  by  vertical  shaded  straight  lines. 
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Figure  39. 


Dependence  of* 


for  tin-lead  alloys. 


The  cony^osition  of 


the  allays  is  listed  in  Table  10  (the  cmcentration  of  lead 
increases  with  a  grovd.ng  number  of  alloy).  Liquidus  lines 
are  represented  by  vertical  shaded  straight  lines. 
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Figure  41 •  Tenqperature  dependence  of  the  free  energy  of  activation  of 
the  viscous  flow  Fyis  lead)  bismuthi  tin  and  aluminum. 
The  crystallization  point  is  represented  by  means  of  ver¬ 
tical  shaded  lines. 
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Figure  42.  Temperature  dependence  oi  the  free  energy  of  activation  of 
the  viscous  flow  Fy^g  for  steels  (the  composition  is  listed 
in  Table  8)* 
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Figure  43*  .TeogMirature  dependence  of  the  free  energy  of  activation  of 
the  viscous  flow  for  cadniuin  (q)  and  zinc  (*«■)  and  (o).  The 
crystallization  point  is  represented  by  means  of  vertical 
shaded  lines. 


4 


P^iooco 


figure  44*  Tei^Mratiire  dependence  of  Uie  deunping  decreinent  and  period 
in  a  suspension  rotary-oscillating  viscosimeter,  during  the 
study  of  the  viscosity  of  a  155^  ?b  85/b  Bi  alloy.  The 
solidus  and  liquidus  points  (teiuperatures}  are  represented 
by  means  of  vertical  lines.  The  difference  in  the  manner 
in  which  points  on  the  curves  are  represented  is  due  only 
to  their  different  density  of  distribution  on  the  line. 
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